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Executive Summary

Provide a one page Summary of your research thadtisommercial in confidence, and that
can be published on the World Wide Web. Explam tiain outcomes of the research and
provide contact details for more information. Itimeportant that the Executive Summary
highlights concisely the key outputs from the pcojand, when they are adopted, what this
will mean to the cotton industry.

This project has demonstrated the implementaticadaptive control systems at commercial
cotton cropping sites. The control simulation feawork VARIwise has been used for the
simulation and development of irrigation controfastgies. The framework potentially
provides site-specific irrigation volumes and tigito be determined in autonomous
irrigation, either for uniform or variable-rateigation application.

Field evaluations of the control strategies weradomted on siphon and centre pivot
irrigation systems in Jondaryan, QLD utilising aateer, soil and plant sensors, control
strategies and irrigation control hardware. Thehen and centre pivot irrigation trials
produced yield improvements of 11% and 7% respelgtiand water use reductions of 12%
and 4% respectively. Higher water reductions wareieved in surface irrigation systems
than overhead irrigation systems because of tlgeldarolumes of irrigation water applied.
Adoption of these irrigation control systems wouddovide improved and automated
irrigation management and labour savings to thastrg.

An on-the-go plant sensing system was developetimmate plant density, plant height (for
leaf area index calculation), flower count (for agpi count calculation) and boll count, as
required to calibrate the industry crop productimodel OZCOT for the control strategy
operation. This sensing system was standalongkatibrms were developed that enabled
mounting to on-farm vehicles (e.g. moped) and atigh machines. The centre pivot
irrigation trial indicated that plant data inputsvareferable to soil data input for model-based

irrigation control strategies.

There is limited control hardware currently comnmig available for surface irrigation, and
commercial variable-rate solenoid-based irrigatanjustment hardware is available for
centre pivots and lateral moves. For the purpo$eise field evaluations in this project, an
irrigation control hardware system was developeat thas independent of the irrigation
system. This was based on adjusting the flow uateg a remotely controllable ball valve
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and servomechanism and could be installed in-lite giphons and droppers on irrigation

machines.

Over 90% of the Australian irrigated cotton indystrses surface irrigation. Further
enhancements to the system would entail investigatine spatial resolution of irrigation
application adjustment for both surface and ovetheagation systems. This would
potentially determine the data requirements ofaérfirrigation control systems, reduce the
sensors requirement (leading to reduced cost ofyeEm) and increase the practicality and
uptake of the final system. In addition, the cohstrategies could be extended to consider
fertiliser application in surface irrigation systgnas the efficiency of the fertiliser application
is expected to be related to the efficiency ofithigation application.
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1. Background

1.1 SITE-SPECIFIC IRRIGATION CONTROL STRATEGIES

Site-specific irrigation enables the delivery efgation water where and when it is required
in the field. Commercially available hardware \&iable that can adjust the application
from centre pivots and lateral moves; however, veideption of these systems is limited

because of a lack of decision-support to deteriniigation application.

The irrigation control framework VARIwise was credtto developed, simulate and compare
site-specific irrigation control strategies (McQureet al. 2010). This involves: (i) dividing
the field into smaller, controllable sub-areas ndreells’; (i) assigning soil and plant
parameters to each cell; (iii) calibrating the esponding crop model for each cell; and (iv)
executing a crop production model within in each céARIwise has been used to
determine the optimal data input types and resmiutbr each control strategy in simulation
(McCarthy et al. 2011; McCarthy et al. 2012).

Two general types of adaptive control strategie® lmeen implemented in VARIwise that
can be applied to irrigation: sensor- and modeéasSensor-based control strategies use the
difference between a measured and target variahlpdate the irrigation application, whilst
model-based control strategies determine irrigagjoplication that best achieves the desired
future crop performance as predicted by a calibdratep production model. Two
implemented sensor-based strategies are:

» lIterative Learning Control (ILC) which uses the error between the desired and
measured soil-water deficit after the previougation to adjust the irrigation volume of
the next irrigation event; and

» lterative Hill Climbing Control (IHCC) which involves: (i) dividing the field intaones
according to a pre-measured variability map; @iesting ‘test cells’ in each zone to
evaluate different irrigation volumes; (iii) apphg test irrigation volumes to each test
cell; (iv) evaluate the crop response to the previorigation before the next irrigation is
applied; and (v) calculating a performance indexefach test cell in each zone to

evaluate the response of the soil and/or plarteartigation volume.

A model-based strategy utilised in VARIwise is:

* Model Predictive Control (MPC) which involves using a calibrated cotton miod
simulate and evaluate various site-specific iriggatolumes and timings, and then
implements the irrigation scheme (at that momera) will maximise the cotton yield at

1 of 101



the end of the crop season. The model calibrgtionedure (as required by MPC) must
be emulated as there is no field data to calidifeenodel in the simulation environment.
This is achieved by utilising two crop models, eadth different crop and soil properties
where the output of one crop model (with the ‘attiield conditions) calibrates a second
crop model (i.e. the ‘base’ model). The calibrdtaede model is used to optimise the
irrigation management, whilst the actual modelssdito determine the performance of
the model predictive control strategy after th@ation management options for the crop

season have been determined.

Generic adaptive control systems have three majmponents: (i) sensor data feedback; (ii)
control strategy that uses data feedback to detersystem input; and (iii) actuator hardware
to adjust system inputs. The transfer of data eetwhese components where VARIwise
incorporates the control strategy is shown in Feglirl.

Adjust Infield measurements VARIwise
variable-rate Weather -Measurements are spatially
hardware ! Soil maisture interpolated
EM38 —> -Measurements calibrate model
Crop growth (OZCOT)
Fruit load -Control strategies executed to
_> Yield determine irrigation
Irrigation application
measurements
Irrigation
application/
Other data timing
Forecast weather
Historical field data i R ;
Adjust flow/ -Irrigation hydfayh@ analysed
cut-off time to determine irrigation
control hardware actuation
-Measured and modelled
application compared and
irrigation application updated
accordingly
Irrigation control signals

Figure 1.1 Generic adaptive control system applied to seréawl overhead irrigation systems

These components of an adaptive control systenddmimplemented in a non-autonomous
irrigation system where sensing is achieved thraughual field observations and irrigation
application hardware is manually adjusted. Fongda, siphons could be manually stopped

or irrigation machine speed manually changed.

1.2 PROJECT AIM AND OBJECTIVES
The control strategies in VARIwise were previoushfy evaluated in simulation on centre
pivots and lateral moves. However, this approachle applied to any irrigation system.
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Hence, this project aimed to integrate VARIwisehvakisting automation and control
systems for surface and overhead irrigation, detmat@sand validate the integrated system in
the field, and further develop the software. Thgctives and milestones of this project

follow:

1. Adapt VARIwise to optimise seasonal manageniexutrface irrigation
1.1 Incorporation of surface irrigation capabiliyVARIwise
1.2 Evaluation of alternative control strategiad selevant scales of data input
1.3 Integration of VARIwise with automation hardeand software
1.4 Field evaluation and exploration of potenfilalcombined system
2. Investigate integration with commercial systéanssariable-rate applications from centre
pivots and lateral moves
2.1 Assessment of feasibility
2.2 Integration of VARIwise with variable-rate Harare and testing
2.3 Field implementation on centre pivot or latenave and evaluation
3. Incorporate a self-learning capability into VAR$e
3.1 Review of self-learning models and feasibilityagriculture
3.2 Review of data requirements for adaptive @intr
3.3 Validation of crop model against field data
4. Incorporate hydraulic and sprinkler simulatiorodels for centre pivots and lateral moves
4.1 Incorporation of hydraulic model
4.2 Validation of model (in conjunction with mitese 2.3)
4.3 Investigation of sprinkler models for incorgtion in VARIwise

1.3 REPORT OUTLINE

This report is structured around the three compisngiirrigation control systems that were

investigated to achieve the project milestone$olésws.

* Weather and soil sensors are available off-thefshelvever, measuring plant response
over a field often requires manual visual assessofghe crop which is not practical in
site-specific and automated control systems; hempdgnt sensing system was developed
and is described iSection 2

» Section 3presents a review of crop production models usadigation control strategies
and an evaluation self-learning models and the OEZ@del calibration (milestones
3.1, 3.2 and 3.3).
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* The extension of VARIwise control strategies toface irrigation required utilisation of
hydraulic models and a comparison between modahedmeasured irrigation data as
described irSection 4(milestones 1.1, 4.1 and 4.2).

* Wind drift and evaporation can influence the irtiga from sprinkler systems and
simulations were conduct to evaluate the effe¢che$e parameters on adaptive irrigation
control performance iBection 5(milestone 4.3).

» Section 6describes commercially available irrigation adjsnt hardware and the design
for the system implemented in the field trials @stbnes 1.3, 2.1 and 2.2).

» Control strategies were compared and evaluatdukifiéld on a surface irrigation system
as described iBection 7(milestones 1.2 and 1.4).

» Section 8presents the fieldwork conducted to evaluate seasml model-based control
strategies on a centre pivot irrigation machindd€stone 2.3).

» Section 9gives conclusions, recommendations for furtheraeteand extension

opportunities, and outputs during the course oftiogect.

REFERENCES
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2. Development of a sensing system for automatédrcplant measurement

2.1 INTRODUCTION

Physiological plant responses can indicate levietsap water stress and are useful for
informing on-farm management decisions. Plantsicdicate water availability and stress,
since plants automatically integrate the atmospland soil factors that affect plant water
status (Kramer and Boyer 1995). For example, mahstress (i.e. too much irrigation or
rain) on a cotton plant can be visually identiffedin excessive vegetative growth, increased
leaf area, extended flowering cycle timeframe, bapacity and poor boll retention (Gibb et
al. 2004). Plant density also directly influensed-water extraction, light interception,
humidity and wind movement, which in turn influerng@eant height, branch development,

fruit location and size, crop maturity and yieldafte et al. 1991).

Plant measurements would be beneficial for feedlpaekitomated irrigation control systems
(McCarthy et al. 2013). Automated irrigation cartsystems can be model-based which
involve determining irrigation application and/aning by: (i) calibrating a crop production
model using the required input soil/plant parangetand (ii) repeatedly executing the
calibrated crop model with different irrigation uohes and timing to determine which
irrigation produces the desired performance ohjedtmaximum yield, water use efficiency).

For the Australian cotton production model OZCOTef/and Hearn 1992), plant
parameters that are required to calibrate the merggplant density, leaf area index, square
(flower bud) count and boll (fruit) count. Howeyeneasurement of these parameters
requires labour-intensive visual assessment oViddal plants. This process could
effectively be automated using cameras to autoalstiacquire images of the crop, and
image analysis algorithms to analyse the imageeatrdct fruit load and vegetation

information.

Existing sensing systems that automatically meaglarg parameters have used light sensors
to measure leaf area index (Tewolde et al. 2008 )odemt height (Searcy and Beck 2000);
image analysis of camera images to determine intlertength (McCarthy et al. 2010a),
nitrogen status (Noh et al., 2005) and plant sste€stha and Steward, 2005); and
multispectral properties using narrowband imagi@gr{er and Miller 1994). A review of

machine vision based sensors is presented in MieZattal. (2010b).
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This paper presents the development of a planirggagstem to estimate plant density, leaf

area index, square count and boll count. Threopfas for carrying the sensing system

over a broad-acre field were also developed. Hnggolar platform utilised in the field

situation depends on the type of on-farm machiaggilable and the size of the field site.

This paper describes:

» the selection of the sensing hardware for dat@ctdin (Section 2.2);

» the development of the image analysis algorithnest{Sn 2.2);

» the development of the platforms to carry the sensystem over broad-acre cropping
(Section 2.3); and

» afield evaluation of the sensing system and platfoon cotton crops (Section 2.4).

2.2 SENSING SYSTEM DATA CAPTURE AND PROCESSING

Camera-based identification of plants, flowers balls in a cotton crop may involve using
visual characteristics of the crop, e.g. the fhat bolls are elliptical in shape. Spectral
response of the crop may also aid the image primge8s enable easier extraction of plant
features. The spectral response of different ngitant materials is shown in Figure 2.1.

Spectral Data for Cotton Plant Materials
g0

= = = Big bolls (>30mm)

80 -_— Small bolls {<30mm})

70 = = = Flower (yellow) o e

Leaf

60

50

40

Reflectance (%)

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 2.1 Spectral response (325-1075 nm) of cotton plaaterrals (McCarthy 2009)

2.2.1 Plant density estimation

In cotton, plant density typically ranges betweeanl 12 plants/metre (CSD 2009). Early in
the cotton season, the plant density could be agtihusing a camera that captures a top
view of the crop and an image analysis algorithat tounts the number of green objects in
the image (e.g. Figure 2.2(a)). As the cottontglaevelop, their branches intertwine and
only a side view of the crop can be used to cdumptants by detecting the main stem of
each cotton plant (Figure 2.2(b)). However, ptianisity may be required for optimising

irrigation events from the start of the season, taeddetermining the plant density earlier in
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the season enables earlier irrigation optimisatidence, a top view of the crop obtained

following full germination was used to determinamldensity.

Figure 2.2 (a) Top view of 4 week old cotton seedlings;tfp view 850 nm image of 4 week old
cotton seedlings; and (c) side view of ten weekcaliion plants

As illustrated in Figure 2.1, leaves have the hagheflection at wavelengths 750-940 nm.
Hence, an infrared filter was used to increasetmgrast between the leaves and the soil and
stubble. The following image analysis algorithmsvagveloped and implemented on

infrared images:

Identify potential plants:

1. Identify leaf (white) pixels from image.

2. Assign each identified leaf pixel to a potential plant number index if connected to another
leaf pixel.

Size analysis:

1. Count number of pixels in each potential plant identified.

2. If 50 < count < 800 then a plant is detected and accumulate plant count.

2.2.2 Square count estimation

Squares (flower buds) appear similar to leavesaaedlifficult to visually distinguish in a
two-dimensional image of a cotton crop (Figure &B( Because squares are leaf-like
material their spectral response is similar to ésavHowever, flowers could be distinguished
from leaf material in the red wavelengths 450-760(Rigures 2.1 and 2.3(b)) and used to
estimate the number of cotton squares (with a tielay). There are typically 21 days from
first formation of a pinhead square to white blo@uinn and Kelly 2011), and flowers
typically last for seven days, being white on thg df opening, pink on the second day, red
on the third, day and drying and falling from tHan within the following four days
exposing the developing boll. Hence, the measiloger counts could be used to back-

calculate the square counts using equation 2.1:

B2 =F(t)+B,

n=t=7 = (2.1)
where:
B = square count on day
n = days after sowing
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The following flower identification and countinggalrithm was implemented on red images
of the crop:

Identify potential flowers:

1. Identify flower (white) pixels from image.

2. Assign each identified flower pixel to a potential flower number index if connected to
another flower pixel.

Size analysis:

1. Count number of pixels in each potential flower identified.

2. If 50 < count < 400 then a flower is detected and accumulate flower count.

(b)
Figure 2.3 (a) Visible image of square (circled); and (bP&im image of flowers on cotton plant
where white areas indicate presence of flower

2.2.3 Boll count estimation

Small bolls have the highest reflectance of alt@otnaterials at wavelengths 450-950 nm,
whilst large bolls have reflectance similar to lesvand stems at 450-950 nm (Figure 2.1).
However, the shape of the bolls can be distinguigtaam leaves as the cotton bolls are
elliptical in shape whereas leaves are irregulahepe (Figure 2.4). The bolls are arranged
on a cotton plant in a range of orientations; heteeentify bolls from their shape, the
width and height of each identified object was canep using following algorithm on the
infrared images of the crop:

Identify potential bolls:

1. Identify boll (lighter) pixels from image.

2. Assign each identified boll pixel to a potential boll number index if connected to another
boll pixel.

Shape analysis:

1. Count width (W) and height (H) of each potential boll identified.

2. fH<W<12*HorW<H<1.2*W then still potential boll.

Size analysis:

1. Count number of pixels in each potential boll identified.

2. If 50 < count < 800 then a boll is detected and accumulate boll plant count.
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(b)
Figure 2.4 (a) Visible image of boll; and (b) 850 nm imadébolls on cotton plant where bright
elliptical areas indicate presence of boll

2.2.4 Leaf area estimation

Measurement of leaf area index (LAI) typically r#qa destructive sampling. However,
since adequate experimental relationships betwéérmhd plant height have been developed
for cotton (e.g. ASCE 1996; Richards et al. 2002rky et al. 2009), the plant height was
measured and used to estimate LAI. A relationkhgpbeen developed for Australian
surface irrigated cotton (Richards et al. 2002pHdsws:

LAl = 0.00347 »Height— 0.0352  R2=0.914 (2.2)

This relationship was developed using two cottametes with normal (broadleaf) and okra
(lobed) leaf shapes and grown under industry staincidtural conditions. The relationship
between cotton height and LAI is expected to vaity @different irrigation management
strategies and cotton varieties. In addition,dbkkon varieties are continuously updated and
the varieties used to develop this relationshipnatecurrently widely grown. However, the
experimental relationship considers some variatldrénces as two leaf shapes were used

and the relationship would be adequately applicabtairrent cotton varieties.

The desired plant height measurement is the distitom the cotton’s cotyledons (the lowest
leaves on the plant) to the plant terminal (tufuofurling leaves at the top of the main stem)
(Hake et al. 1996). Plant height can be measuwsgd) unon-contact distance sensors that emit
either infrared, ultrasonic or laser signals anclereflection time to estimate distance to the
closest object (i.e. the plant).

An ultrasonic distance sensor was used to estiplate height because, in general, infrared
distance sensors do not work reliably in directight (due to interference between the
sensor’s infrared emissions and the infrared comptaof sunlight), and lasers are
commonly available only for longer range measurdnftypically 5-300 metres). These
sensors would be mounted above the crop canopthartieight estimated by subtracting the
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measured distance between the sensor and thermldpeadistance between the sensor and
the ground. The distance to the ground would lberdened from measurements to the

ground without any crop.

2.2.5 Measurement system assembly

In the developed platforms, an ultrasonic disteseresor was used to estimate leaf area
index, and top view camera images were used tmaiplant density and fruit load. Red
wavelengths can be used to identify flowers inithege and infrared wavelengths can be
used to identify leaves and small bolls. To achigws, a red filter (670 nm) and infrared
filter (850 nm) were positioned in front of a calman the crop. Images of the crop in the
visible waveband were also captured for compangitimthe red and infrared images: this
required an infrared cut filter (1000-1500 nm) éonove the infrared light.

2.3 SENSING SYSTEM PLATFORMS

Three platforms were developed for conveying timsisg system over broad-acre crops
(Figure 2.5). Each sensing system platform algadl @sminiature PC (Fit-PC2, Compulab)
that recorded images from the connected camerdsjata from an ultrasonic distance
sensor and GPS module (66 channel LS20031, LOCO®X¥Bnology Inc.). The platforms

were:

() On-ground platform that involved a four-wheeled, shaded trolley comtg the
sensors. This system was manually pushed ovdietdeand is only practical for small
scale data collection.

(i) On-farm vehicle mounted platform that consisted of a steel frame and one tyre
attached to the side of an on-farm vehicle (har@ped) which was driven over the
field. This platform enabled more extensive datdection and it is envisaged that this
system would be mounted to a tractor to collech data commercial field situation.

(i) Irrigation machine mounted platform was attached to a centre pivot irrigation
machine to collect data as the irrigation machiagspd over the field. A self-contained,
waterproof and solar-powered sensing unit was deeel and suspended from the
supporting structure of an irrigation machine. sTpliatform then did not require any on-
ground travel for data collection, but of coursevuled data only for a single circle in
the irrigated area. (However, multiple sensorg@lihe irrigation machine or a motor-

driven scanning system alone each span would iserd# sensor spatial resolution.)
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The same ultrasonic distance sensor was used thred platforms. An ultrasonic distance
sensor was selected with a sensing range of 3 ed0&s the maximum distance between the

platforms and the ground was 275 cm (Table 2.1is $ensor has accuracy of 3-4 cm and a
beam width of 55° (model SRF05, Devantech).

@ ) ©
Figure 2.5 Platforms for cotton fruit load and vegetatiotireation that traverse the field via: (a) on-
ground self-contained unit; (b) on-farm vehicle mipand (c) irrigation machine mount

Table 2.1 Specifications of sensors used in each platfayniiguration

Travel Ground data d?;gig; FEE i
Platform speed capture Sensor Width Height
km/h)  interval cm) __from (cm) (cm)
ground (cm)

On- Distanct 107 11t
ground 3.60 50 110 Camer; 145 107
Vehicle Distanct 104 104
mounted 12.00 170 100 Camer: 13C 97

Irrigation Distanct | 24E-28¢ 245-28¢
machine 0.18 20 235-275
mounted Camera 305-356 228-267

! This distance depends on position of sensor alemgpan of the irrigation machine, as
the supports that the sensors are mounted to@sestlto the ground at the centre of the
span and furthest from the ground at the towers.

2.3.1 Ground-based sensing platforms

During data capture, the ground-based platforman(@) (ii) travelled significantly faster than
the irrigation machine mounted platform (iii) (Tal#.1); however, the sensing system was
required to capture the red, infrared and visitder@band images of the crop simultaneously.
This was achieved using three cameras (Figure)2 ®@ding images into a video
multiplexer (4-channel Colour Video Quad Proces3aycar). This multiplexer transferred

the three images in parallel to a computer, togetlit a corresponding distance sensor
measurement and GPS location.

The on-ground sensing systems consisted of thraxllmameras using infrared-sensitive
image sensors (1/3 inch CCD Sony Effio DSP). Hashera captured a 640 x 480 pixel
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image and had a 4 mm wide angle lens to increasgetld of view to 78°. The on-ground

sensing platforms also contained ten 20 W halogemp$ to provide uniform controlled

Distance Distance
sensor sensor
v

lighting.

Camera 1 . Visible s Visible
(visible) =z> => image @ image =$
Camera 2 A, Video \ Red >, , Filter Red N
(red) | multiplexer —>) image P BtRc Camera == wheel ”l image 1
Camera 3 n, »J Infrared M, Infrared
(infrared) . v image | image ' "

GPS

@) (b)
Figure 2.6 Data collection hardware for: (a) on-ground aertigle-mounted platforms; and (b)
irrigation machine mounted platform

2.3.2 Irrigation machine mounted platform

Irrigation machines typically travel at approximgt® m/min (0.18 km/h, Table 2.1) and

each span is stationary for the majority of anigation event. Hence, the camera images
could effectively be simultaneously captured atttiree wavelengths using one camera and a
filter wheel containing three filters (670 nm, 8%t and infrared cut (Figure 2.6(b)). For
each waveband, the PC captured an image and sentral signal to filter wheel to rotate
ready for the next image to be captured. A USBoaabwith the infrared cut filter removed
was used (Logitech C920). This camera also haeldadf view of 78° and the focal length

was fixed to 40 cm.

2.4. VALIDATION OF SENSING SYSTEM FOR COTTON

2.4.1 Methodology

The three sensing system platforms were evaluatexton variety Sicot 74BRF during
three cotton seasons in Jondaryan, Queenslandrpace the sensor estimations and manual
measurements of plant height, plant density, floeeamt and boll count. The ground-based
sensing system was evaluated on a furrow irrigatgin field in the 2010/11 and 2011/12
seasons; and the on-farm vehicle and machine mbgetesing system were evaluated on a
centre pivot irrigated cotton field in the 2012K&ason.

The on-ground platform was manually pushed dowrctt®n rows and manual
measurements were taken in eight locations iniéh& én each date of data collection. The

vehicle-mounted platform was attached to a mopeéddaiven over the field at approximately
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12 km/h and manual measurements were taken. Faation machine-mounted platforms
were developed and mounted on a centre pivot troiganachine. Measurements were
manually collected during the vehicle-based platf@valuation at seven locations in the

field on each measurement date.

The measurements were taken between October angiaFglspanning each cotton season.
Plant density measurements were collected four svattkr sowing in each season of the
trial. For each sample, ten plant density andhtaigeasurements were manually collected
and averaged. For the flower and boll counts, mbhmeasurements for ten plants were
taken and averaged over the distance covered kgthaglants. The sensor estimations of the
plant parameters were averaged across the fieltbwfspecific to each camera and sensing
platform (Table 2.1).

2.4.2 Results and discussion

Sensor estimations for the three sensor platfonds@anual measurements of plant density,
flower count, boll count and plant height are corepan Figure 2.7. Table 2.2 presents a
comparison of the performance across the thre@setaforms.

Plant density

The plant density was generally overestimated; ewthere was a high goodness of fit
(Figure 2.7(a)). The overestimations were causelbely identifying weeds or stubble in
the image as small cotton plants. The plant dgssihsor accuracy was relatively uniform
across the three sensor platforms (Table 2.2)s iSHecause plants were easily
distinguishable from soil in the background in thieared waveband.

Flower count

The sensing system generally underestimated thefloount but a high goodness of fit was
achieved (Figure 2.7(b)). This is because theongttant flowers later in the cotton season
when the plant and leaf area index are large, tle#lde occlusion of a proportion of the
flowers by the cotton leaves. However, only fudlscluded flowers would not have been

detected, as partially occluded flowers still haveigh reflectance in the red waveband.

The on-ground sensing platform produced a highedgess of fit than the vehicle- and
irrigation machine-mounted sensing platforms (T&b®. This is because the on-ground
platform provided the crop with controlled lightingder a shroud where there was even and

soft lighting. Using the sensing platforms withaushroud and under bright sunlight, some
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leaves reflected the light and caused bright sipdise image which were incorrectly

identified as flowers.

Boll count

Across the three sensing platforms, the boll covag underestimated by an average of 37%
(Figure 2.7(c)). This is because later in thearo&eason, the bolls lower on the plant were
more difficult to detect and became fully occluded top view of the crop as the crop

canopy closed.

Partially occluded bolls would also not have beetected as the boll identification used
shape analysis to detect elliptical bolls. Onlha#rolls had a distinguishable response to
light compared with the leaves and stems (as showre spectral response of different
cotton plant materials in Figure 2.1). Hence, dargplls would only have been detected if

not occluded by leaves.

Full sunlight under the vehicle- and irrigation rhaxe-mounted sensing platforms caused
some inaccuracies in the identification of smalldas the bright leaves would reflect the
light (Table 2.2). However, for large bolls, thepe analysis reduced false positives caused

by the sunlight.

Plant height

The plant height estimated using the ultrasonitadise sensor was highly correlated to the
measured plant height (Figure 2.7(d)). The sehadra stated accuracy of £4 cm, whilst in a
cotton crop the sensor had an accuracy of appraéglynga6 cm. This inaccuracy was caused
by the sensor taking measurements at regular aitealong the crop rows, which would
consist of readings both in gaps between cottompavhich would underestimate the plant
height), and from the highest leaves of the pléotva the crop’s main stem (which would

overestimate the plant height).
The three sensing platforms detected height unifpatross the three sensing platforms

(Table 2.2). This is because the ultrasonic destaensor uses sonar to detect the first echo
which is the closest object (Hamilan et al. 2008]) this signal is not affected by sunlight.
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Validation of plant density estimation Validation of flower count estimation
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Figure 2.7 Comparison of sensor estimations and manual meas&mts of: (a) plant density; (b)
flower count; (c) boll count; and (d) plant heidtit the three sensor platforms with 1:1 lines

2.5 CONCLUSIONS

A cotton plant sensing system was developed andatea on cotton crops over three
seasons using three mounting platforms. Ultrasdisiance sensors were capable of
providing accurate, repeatable distance measursmétite plant both under sunlight and
when mounted from an irrigation machine 275 cm ftbeground. Plant density could be
accurately determined using infrared images obecoseedlings. Colour and shape-based
analysis on top-view cotton images provided anregion of the flower count and boll

count. As the season progressed, cotton bolls l@sseaccurately extracted using a top view
of the crop due to occlusion from leaves and thdeiged reflectance in the infrared
waveband. This cotton plant sensing system prewdeigh resolution of spatial data capture
that may be required by site-specific irrigatiomtol systems.
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Table 2.2 Performance of the vegetation and fruit loadnestion using the three sensor platforms

wherey is the manual measurement aqd the sensing platform estimation

Measuremen Platform Regressiol Goodness of fi
On-grounc y=0.929x + 0.969- 0.877¢
Plant density Vehicle mounte y=0.898x + 1.231" 0.841:
Irrigation machine mounte y=1.002x + 0.263! 0.887¢
On-grounc y = 0.878% - 1.816 0.975!
Flower count Vehicle mounte y = 0.928x - 3.136¢ 0.942:
Irrigation machine mount y=0.704'x - 0.215° 0.908:
On-grounc y = 0.684 - 0.894¢ 0.868¢
Boll count Vehicle mounte y=0.591x + 2.816t 0.810:
Irrigation machine mount y=0.633x + 1.576t 0.824¢
On-grounc y = 0.895x + 9.859. 0.851.
Plant height Vehicle mounte y=0.812% + 11.46! 0.822:
Irrigation machine mount y=1.114x-5.217" 0.830:
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3. Utilisation of crop production models in adaptrontrol strategies

3.1 INTRODUCTION

Accurate process models are required to predigbeéin®rmance of crops under different
irrigation management options using model-basedrabstrategies. The control strategies
then assess the simulated output to determinedhatntent that best achieved the desired
performance objectives. The performance may besased on either long-term objectives
(yield or water productivity) or short-term objects (e.g. soil-water, fruit load).

Data transfer between VARIwise and the externgb ecnodels are specifically programmed
in VARIwise (for cotton, the model OZCOT is utilde An update to the crop model may
require additional programming due to changespuatrand output data formatting.
VARIwise also currently has the capability to cedite the OZCOT model using measured
input data. However, this procedure is computatignntensive as it involves adjusting the
plant and soil parameters in input files, executimgmodel and reading the model output
files iteratively until the model output reflecteetmeasured field data on the measurement

days.

For a universal self-learning crop model (e.g. @rakenetwork-based) the model would
automatically adjust the parameters using the abi@lmeasured data. A self-learning model
would enable the control strategies to be easilysportable between crops and crop seasons
to accumulate site-specific databases and modeteasured data. A universal self-learning

crop model in VARIwise would not require maintenandth each updated to the model.

This section evaluates the performance of the OZ@©dlel calibration using field data
collected in a 2011/12 surface irrigation trial ¢8en 3.2). The potential to implement self-
learning crop models in adaptive irrigation conisahen discussed (Section 3.3).

3.2 CALIBRATION OF CROP PRODUCTION MODEL OzZCOT

3.2.1 Methodology

Seven furrows were monitored during a surfaceatran field trial in the 2011/12 cotton
season in Jondaryan, QLD. This involved collecbbroil-water measurements at three
depths (30, 60 and 90 cm) and seven points inieleg find soil electromagnetic induction
(EM) measurements and leaf area index, square emwhboll count estimations at 1 m?2
resolution. The soil-water was estimated acrosdigid by spatial interpolation based on the
EM map.
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The OZCOT model was calibrated within VARIwise @03oints along each furrow (i.e.
one measurement per metre). However, this spasalution of data input and the full range
of data types may not be required to achieve mealddration of sufficient accuracy. An
exploration of data input combinations and spaablution was conducted in simulation to
determine the data input requirements for adagiwerol of surface irrigation.

This simulation study compared the irrigation apgion and yield using different
combinations and spatial resolutions of data ifpumodel calibration. Each simulation
was assigned an identification number for referdiedle 3.1). Weather input was used in
all scenarios as daily weather is required by tAEOT crop model. The same spatial and
temporal resolutions were used for both soil aadhiptiatasets as EM and plant sensor

measurements were collected on the same days.

Table 3.1 Data input combinations evaluated in simulatalétermine irrigation application, where
W denotes weather data input, S denotes soil dptd,iP denotes plant data input, and * denotes the
actual irrigation measured in the field

ID # | Data input for control | Number of readings along furrow
1 W 0
2 WP 1
3 WP 3
4 WP 10
5 WP 32C
6 WS 1
7 WSF 1
8 WS 3
9 WSF 3
10 WS 10
11 WSF 10
12 WS 32C
13 WSF 32C
14 WSPpP* 32C

The measured data were then compared with the ngatlbtated using the full dataset input
to validate the OZCOT crop model. Measurementsodfvgater, leaf area index, square
count, boll count and yield collected in 2011/12reveompared with the corresponding
modelled data before and after model calibratiorihendays of EM surveys (for soil-water

measurement) and plant sensor data capture.
3.2.2 Results and discussion

The results of the simulations to evaluate datatinpquirements for model calibration are
presented in Figure 3.1. Inspection of these tesudicates the following:
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« The OZCOT model could be accurately calibrated wai?o difference in simulated
yield using all the field data (#13) compared with field measurements (#14).

* The yield and irrigation application closest to theasured event was achieved using
weather-soil-and-plant input measured at 10 paifisg each furrow (#11).

» Weather-and-plant data input produced yield angdation application closer to the field
measurements than weather-and-soil data input.

* The yield was higher with a lower spatial resolotaf soil and plant data than with a
high spatial resolution of soil-and-weather datais indicates that plant data (even at
lower spatial resolution) is preferable to a highalution of soil data without plant data.

* The MPC strategy that filled the soil profile gealér applied more irrigation water than
the other performance objectives. Maximising yigésherally produced the same or
higher yield than the other performance objectives.

Table 3.2 displays the comparison between fieldsoneaments and outputs of the model
before and after calibration using all availableathher, soil and plant data. The differences
between the measured and modelled responses weragad across the seven monitored

furrows.

The largest variation between measured and prbratibn modelled data occurred with soil-
water with a 52% difference. There was variatiomeasured and pre-calibration modelled
plant parameters of between 23 and 38%. HenceQJZuld more accurately determine
plant parameters than soil-water. However, caitineof the model using only plant data
input had a higher impact on yield than using ady-water (from the comparison of data
input combinations). This may be caused by thibdlon of plant growth in OZCOT
effectively also accounting for soil-water diffeces. Following calibration, the model
accuracy significantly improved to between 5 antlo1ld the measured data.
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Figure 3.1 Simulated outputs of control strategies usinfedent spatial data resolutions for
calibration: (a) yield; and (b) irrigation applicat
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Table 3.2 Average percentage difference between measurkechadelled soil and plant parameters

before and after model calibration

Measurement type Average d_ifferr_:‘nce before | Average Qiﬁer_ence after
calibration calibration
Soil-water 51.46 £1.53 % 5.04 £4.17 %
(102.24 £+ 22.92 mm) (10.01 + 8.28 mm)
Leaf area index 22.84 £19.35¢ 6.51 +2.539
(0.18 £ 0.15) (0.05 +0.02)
Square count 31.71+7.3 % 14.31+4.85¢
(22.62 £5.26 squares/m?) (10.21 + 3.46 squares/m?
Boll count 37.21 £26.8 % 13.37£7.66 ¢
(32.45 * 23.44 bolls/m?) (11.66 + 6.68 bolls/m?)
vield 33.80 £ 6.06 ° 4.53 +1.56 9
(3.56 + 0.64 bales/ha) (0.48 £ 0.17 bales/ha)

3.3 INVESTIGATION OF SELF-LEARNING CROP MODELS

Self-learning models involve using regression asialyo directly derive equations from
infield measurements of the weather, soil and/antpl This is in contrast to ‘dynamic
models’ (e.g. OZCOT) that are developed from knalynamics of the soil-plant-atmosphere
system (Wallach 2006). Hence, dynamic models neagxirapolated to other sites with
different climatic and soil inputs because theydegved from known dynamics rather than

from regression analysis of collected data (e.gtdpapas and Georgakakos 1990).

Self-learning models have been developed and eealua relate yield, soil-water, soil
texture, nitrogen use and supply and topographet(lai. (2002) for cotton; Timm et al.
(2003) for sugarcane; Wendroth et al. (2003) fotlya. However, the developed models do
not consider plant growth or climate during thepcseason.

Crop production models utilised by VARIwise aredise evaluate multiple irrigation
volumes and timings. To ensure the accuracy effdesarning model for these evaluations,
an extensive data set for a range of irrigatiomwas and timings would likely be required.
Self-learning models that are trained using insight data sets may be limited to much
simpler representations of the soil-plant-atmosplsgrstem than is possible with dynamic
crop models. Hence, self-learning models wouldiiregextensive data collection which may
not be practical for each new crop or field impleta¢ion of VARIwise. Self-learning

models developed exclusively from field data arefeasible for irrigation management.
The accuracy of self-learning models may be impaddweincorporating some known

relationships into the model. However, this preagses not present any advantages over
calibrating the crop and soil parameters of antiejsdynamic model.
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An advantage of self-learning models is that te&incture and the format of their input and
output data are often independent of the crop typence, there would be no specific
programming requirements to incorporate differenpanodels in VARIwise. An
alternative approach to overcome the data forntattiffierences between models is to
incorporate a model framework (e.g. APSIM) in VARS® which has standardised the
structure of dynamic crop models. Hence, VARIvhas been extended to incorporate
APSIM, which contains the models of a range of srimpAustralia that can be used in

feedback for control strategy simulations.
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4. Real-time, site-specific control of surfacegation

4.1 SITE-SPECIFIC CONTROL OF SURFACE IRRIGATION

The centre pivot and lateral move irrigation impéetations in VARIwise assumed that the
optimal irrigation volume determined for each dsllthe control strategies would be applied
as desired. However, in surface irrigation systeargpecific irrigation volume cannot be
directly applied to each cell in the field. Thssbecause irrigation is applied to all the cells in
each furrow from the head ditch and the irrigaapplication distribution in each cell is a
function of the soil-water deficit, inflow rate/$ {femporally variable), cut-off time and
infiltration characteristics. The optimal irrigati characteristics could then be determined by

comparing the optimal irrigation distribution wihrange of furrow irrigation distributions.

Classical equations that describe surface irrigdtidraulics are ‘Saint Venant equations’
and are available in the public domain and irrgatexts (e.g. Walker and Skogerboe 1987).
These equations were used to: (i) determine inaganfiltration to characterise the furrow
irrigation which requires flow rate and advance sugaments; and (ii) determine the closest
irrigation distribution to the optimal distributiachievable with surface irrigation by
comparing the simulated infiltrated depth alongdws for different flow rates and cut-off

times.

In VARIwise, the field is managed using cells ahd size and shape of these cells depend on
the size and shape of the field. For centre pivaated fields the cells are sectioned, donut
shaped sections, whereas for lateral move-irrighgddis the cells are rectangular. As fields

of surface irrigation systems are typically rectalag in shape, VARIwise was updated to use
rectangular shaped cells for surface irrigationiesys. The cell width was taken to be the

furrow spacing.

4.2 DATA TRANSFER BETWEEN HYDRAULIC MODEL AND VARIw ise

4.2.1 Calculation of infiltration parameters

The movement of irrigation down a furrow with atgarlar inflow rate and cut-off time, and
subsequent irrigation distribution, depend on thiemoperties which can be characterised
using infiltration parameters. The infiltrationrpaneters for each furrow in the trial are
required before the irrigation events can be cdlietfo This involves monitoring the flow
rate and cut-off time along the required furrowstfee first irrigation of the measured crop’s
season and entering these measurements into aesurfgation hydraulic model to
determine the parameters. Current user interflacesurface irrigation models that provide
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infiltration parameters are: WinSRFR (Bautistale@09), SIRMOD (Walker 1997) and
SISCO (Gillies et al. 2010). The user interfac&EBCO was used to determine the
infiltration parameters, and the output infiltratiparameters were then manually entered into
the user interface of VARIwise.

4.2.2 Simulation of irrigation events

The capability to determine control signals foespecific surface irrigation was integrated
into VARIwise. This involved using the VARIwise ool framework to determine the
required irrigation distribution along each furrcamd iteratively executing the hydraulic
model at different cut-off times and inflow ratesdetermine the combination that produces
the infiltration distribution closest to the optihaastribution. For each furrow and irrigation
event, VARIwise executes a surface irrigation satiah procedure (the Saint Venant
equations) using the measured the infiltration patars, and different combinations of cut-
off times and inflow rates. The hydraulic modetpus the infiltration depths for user-
specific interval along the furrow as an array tmadsfers the output infiltration distribution
into VARIwise. For each furrow (i.e. row of ceits VARIwise), this procedure is repeated
at different flow rates and cut-off times to deterewhich combination produces the
application closest to the optimal application.

4.3 DETERMINING IRRIGATION FLOW RATE AND/OR CUT-OFF TIME

The inflow rate and cut-off time was determinedcbynparing the irrigation distribution
curve generated by the hydraulic model for a rayfgeflow rates and cut-off times, with
optimal curve determined by VARIwise. This wasiaehd by calculating a performance
index @I) for each flow rat&) and cut-off time as follows:

Y V

Z d.0.t o d.0.t
V
. d=0 d.0.t
PI 0= N
(4.1)
where:
Q = flow rate (L/s)
t = cut-off time (minutes after start of irrigation)
d = distance along furrow
Siotr = lrrigation depth determined by hydraulic model pointd, flow rateQ and
cut-off timet
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Vaot = irrigation depth determined by control strategygointd, flow rateQ and cut-
off time t
N = number of cells along the furrow

ThePl is calculated for a range of inflow rates that r@istic in the field (from 0.5 to 2.5
L/S in steps of 0.1 L/s) and cut-off time (500 @07minutes in steps of 10 minutes) (Carter
and Grabham 2004). The combination with the srsiglewas selected to be the irrigation

characteristics to be implemented.

4.4 REAL-TIME IRRIGATION ADJUSTMENT

The advance curve and flow rate that correspontbsgst to each optimal distribution was

determined using the hydraulic model and VARIwigriring each irrigation event the flow

rate and cut-off time in each furrow could be deteed to reflect the performance of the

current irrigation treatment using irrigation canthardware. This may be achieved by

calculating the new optimal advance and infiltrataurves using either one of the following

approaches:

» Calculate new infiltration parameters using theaade and flow rate during the current
irrigation event

» Calculate a scaling factor from the real-time adearate and infiltration parameters from
the previous irrigation event

* Adjust flow rate according to the difference betwéee target and measured advance

trajectory

The flow rate adjustment options 2 and 3 compagectiirent irrigation performance to a
prediction based on a full irrigation evaluatidHowever option 1 calculates the infiltration
parameters based only on the current (incomplatgation event. Hence, options 2 and 3
may be more accurate than option 1 because theypoate the infiltration along the whole

furrow rather only on part of the furrow.

For option 2, the scaling factor scales the irdtion curve (i.e. irrigation advance time versus
distance along furrow) from an irrigation evaluatighatri and Smith 2006). Use of the
scaling factor during the early stages of the atign was found to cause a significant loss of
accuracy in irrigation characteristics (Langatle@08). This approach has been evaluated
in the field to determine the cut-off time (Koedhaé 2011). This required multiple advance

rates along the furrow, and only one advance ra@sorement during subsequent irrigation
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events. The Irrimate™ surface irrigation evaluaggstems was used to measure furrow

inflow and advance rate.

The adjustment of the flow rate according to tHeetknce between the measured and target
advance trajectory (option 3) is an alternate nebthibhis has been evaluated in previous
trials to achieve the desired advance and correspgmfiltration distribution (e.qg.
Katapodes and Tang 1990). This enables the impiedarrigation to be updated during the
event if the predicted event differs from the atawent. These differences are potentially
caused by infiltration parameters changing temgppthtough the season and potentially
spatially along the furrow. Option 3 provides oppaity for enhanced spatial control of
irrigation application distribution and hence wagdi to control the inflow rate in the
presented fieldwork. This involved changing tlenflrate during the irrigation event
according to the difference between measured aévamd advance corresponding to the

optimal irrigation distribution.

4.5 EVALUATION OF SURFACE IRRIGATION HYDRAULIC MODE L

4.5.1 Methodology

Irrigation measurements were collected to evaltleeccuracy of the surface irrigation
hydraulic model for use in VARIwise control strategy This required monitoring of
advance rate and inflow rate throughout an irr@agvent. Seven siphons were
instrumented with Octave ultrasonic flow metersa@Group, Israel) sensors and the output
pulses every 10 L of flow were recorded with anitensptop. The cut-off time and advance
times at four equally spaced locations along eaoiod were manually measured for each
furrow. The measured inflow rates, cut-off timesl @dvance distances and times were
manually entered into the SISCO user interfacéitaletermine infiltration parameters; (ii)
simulate the irrigation event using the calibrgbadameters; and (iii) compare the simulated

and measured advance rates.

4.5.2 Infield conditions

One irrigation event was monitored during a preeniag in Jondaryan, Queensland on 3
October 2011. The parameters required by the®iifagation hydraulic model were
measured before the irrigation event (Table 4.1grevshhe slope of the furrow was measured
using a dumpy level (Figure 4.1).
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Table 4.2 Input parameters for surface irrigation model

Input data type Value Units
Field lengtt 32C metre:
Roughness coefficienManning, n) 0.04 Nil
Row spacin 2 metre:
Slope 0.001601 | metres/metr
Reqycling efficiency 90 %
Furrow top widtl 0.€ metre!
Furrow middle widtl 0.5 metre:
Furrow bottom widt 0.2 metre:
Furrow maximum heigl 0.z metre:
Cut-off time 55C minute:

Slope of furrow

1000

800 1+ » y =-1.6011x + 757.49
500 oy R?=0.9435
MH
N’

200 o,

400

Elevation above tail drain (mm)

0 50 100 150 200 250 300 330
Distance along furrow (m)

Figure 4.1 Slope of furrow in trial site

4.5.3 Results and discussion

The recorded flow rate and advance times are disglan Figure 4.2 and 4.3, respectively.
The siphons were stopped for 90 minutes after gopolotkage 180 minutes after the start of
the irrigation (Figure 4.2). There is some valigbin the flow rates between furrows which
was caused by the meters floating in the irrigabap and reducing the head. The flow rate
was increased by partially burying the meters @ithgation bays towards the end of the
irrigation event. The flow rates through the sipsian the trial were approximately 30% less
than those through siphons without the flow meges valves (external to the trial). This is
likely caused by debris in the water partially Bmg filters in the flow meters. The filters in

the flow meters were removed for subsequent inogatvents.
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Flow rate - 3 October 2011 Advance rate - 3 October 2011
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Figure 4.2 Irrigation measurements from seven monitoredofreron 3 October 2011: (a) flow rate;
and (b) advance rate

The flow and advance rates were entered in a hirdnaodel to determine the infiltration
parameters (Table 4.2). However, the infiltrag@amameters that were found using the
measured data resulted in an average estimationa&r®5%. Hence, a second irrigation
event was monitored on 27 December 2011 to evathatmodel and determine the
infiltration parameters (Figure 4.3) where the tiimethe advance front to reach four points
along the furrows (75 m, 150 m, 225 m and 320 nrevwmeeasured.

Flow meter 3 was found to be faulty during thegiation event on 27 December 2011 and
was only working intermittently; hence, the flowean furrow 3 was assumed to be same as
furrow 4 for this irrigation event. The flow ratdaring the second irrigation event were
more consistent than the irrigation event on 3 BEt@011 and there were no disruptions to
the irrigation application. The flow rate reduadter the first 100 minutes as the water level
in the head ditch settled. The advance ratesveltba similar trend for each furrow.

Flow rate - 27 December 2011 Advance rate - 27 December 2011
25 s
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— 1 2 —3 ——4 — -5 wif — T — 1 -y pp——
(a) (b)
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Figure 4.3 Irrigation measurements from seven monitoredofreron 27 December 2011: (a) flow
rate; and (b) advance rate

The infiltration parameters were determined fe@r ithigation event on 27 December 2011
(Table 4.2). The surface irrigation model was tharameterised with the calibrated
infiltration parameters and run to simulate theation advance. Figure 4.4 shows high
correlation between the measured and simulatecesurVhis indicates that a surface
irrigation model can be used with calibrated irditton parameters under infield conditions
to estimate the irrigation characteristics.

Table 4.2 Infiltration parameters determined by surfacgation model for irrigation event on 27
December 2011 with C=0

Furrow a k (m*min/m) fo (m*min/m)
1 0.05895656837 0.07945074163¢ 0.00006564965¢
2 0.103033739 0.072586458 0.C
3 0.07995988571¢ 0.07052960812( 0.00000881329(
4 0.09120000453¢ 0.07258645834( 0.C
5 0.09356436288* 0.07521417033¢ 0.00001847207(
6 0.11773934463¢ 0.059281936537! 0.C
7 0.07061028456+ 0.07741848957: 0.00002883597+
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Advance rate - Furrow 1 - 27 December 2011
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Figure 4.4 Meausred and fitted advance rate measuremenseven furrows
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5. Irrigation application distribution for centrevpt and lateral move irrigation

5.1 INTRODUCTION

The VARIwise control strategies assume that thgation volume is applied as desired.
However, wind drift and evaporation can distortrgder water distribution patterns, leading
to either additional water application or irrigatitmsses of up to 2 to 40% (Ortega et al.
2000). Poor uniformity of irrigation applicatiofiten contributes to the spatial variability in
soil-water and crop yield (Bruckler et al. 2000;cbmi et al. 2003). The magnitude of the
application variation is influenced by both irrigat equipment (e.g. nozzle size, operating
pressure) and climate (e.g. temperature, wind ugjolrazar 1985; Steiner et al. 1983).

Unmeasured variability in sprinkler irrigation ajgaltion can affect the performance of site-
specific irrigation strategies. Typically irrigati application is measured using catch cans
following an irrigation event. However, the winffexcted sprinkler pattern will change
temporally and measurement of previous irrigatie@ngs will not enable the control
strategies to adapt to future irrigation eventgntg, the strategies should consider the
uncertainty in the sprinkler irrigation applicatioaused by wind drift and evaporation
application during the optimisation process. Tlaeetwo approaches to achieve this, either:
1. the control strategy determines the optimal iri@at/olume as a statistical distribution
rather than a real number; or
2. the control strategy incorporates a droplet badlistodel to predict the sprinkler spray
pattern and adjust the irrigation volume according|

Predictive sprinkler models have significant suddefiweather data and computational
requirements. Therefore an estimation of irriga@application uncertainty would be
preferable to predictive sprinkler models for reale estimation of irrigation application.
The most appropriate approach can be determineydiyating the control strategy
performance with irrigation application uncertajrdynd with different amounts of wind drift.
This will enable the accuracy of irrigation apptioa calculations required by the control
strategies to be determined.

5.1.1 Outline

The approaches for estimating irrigation applicgatigstributions can be compared in
simulation using VARIwise. This section preseniegaluation of the adaptive control
strategies on a simulated centre pivot irrigateitboocrop with spatial irrigation application

variations according to: (i) statistical distribaris; and (ii) sprinkler distributions generated
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by predictive sprinkler models at different speadd directions. This will explore whether a
ballistic sprinkler model is required to adequatdgcribe irrigation application variations
for irrigation management, and the ability of adagtontrol strategies to deal with (and
adapt to) unmeasured irrigation application vawiati Incorporation of the estimated
irrigation application uncertainty into the contsttategy could sufficiently consider

hydraulic variations in irrigation.

5.2 REVIEW OF BALLISTIC SPRINKLER MODELS

In this study the ballistic sprinkler model wasuigd to predict the spatial irrigation pattern
for standard sprinkler packges at different windesjs and directions. The model must
provide precise irrigation application at a gridsjng, where the spacing depends on the cell
size used in VARIwise. Hence, the model should/ipi® user-defined spacing for irrigation
application depths. There must also be a methogt@¢day and aggregate the patterns to
form the irrigation application pattern along thegiation machine. A model was selected
after a review of ballistic sprinkler models forpdipation to irrigation control strategies.

5.2.1 Existing ballistic sprinkler models

Predictive sprinkler models have been developexbtinate the spray patterns of sprinklers
with wind at various speeds and directions. Spemniodels are typically based on ballistic
models that assume that the jet from the nozzlekisrap into a pre-defined drop size
distribution immediately or at some distance fran@ hozzle (Smith et al. 2010). These
models are often developed to estimate applicatioformity of sprinkler packages for
irrigation machine design (e.g. nozzle size anaisigd, rather than to predict applications at
particular points in the field (Smith et al. 2010).

The models are calibrated using measurements pfgsize distribution for the particular
nozzle (type and size) such that measured andgpeedsprinkler patterns match (Smith et al.
2010). Obtaining these data is time consuminguar@tonomical, and hence unfeasible for
infield implementations of autonomatic irrigatioontrol. Grose et al. (1998) has used
fundamental fluid mechanics to model the interactbthe jet with the surrounding air.

This approach is computationally intensive and ime® simulating the separation of the jet
into individual droplets and then determining tladlistics of the individual droplets after
their separation from the plume.

An alternative approach to droplet ballistic modeimlves a statistical description of the

droplet size distribution (Smith 1989; Thompsomle®000). These models can overlap the
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patterns along the machine and aggregate the patténe travel direction for
implementation on a moving boom. This is requicgdmplementation on a centre pivot or

lateral move irrigation machine.

Droplet ballistic models developed include NiwaséMelle et al. 1999), CPIVOT (Ojedo et
al. 1993), CPED (Heermann 1990), LATERAL (Kincaf@0®), LMDep (Smith et al. 2003);
Sprinkmod (Andrade et al. 1999; 1999a, 1999b) dRIAS (Carrion et al. 2001). These
models have been validated for a range of sprimderles and configurations (e.g. Montero
et al. 2001). The sprinkler models differ in hydra analysis algorithms utilised, spatial
resolution of sprinkler distribution, consideratiofwind effects and cost of use. A
comparison of these models is presented in TableSinith et al. (2003).

5.2.2 Overlap of fixed sprinkler pattern

The irrigation volumes applied spatially along emgation machine can be achieved by
overlapping and aggregating individual sprinklettg@ans determined by ballistic sprinkler
models. Existing models which enable patterm @peand aggregation are Spacepro
(Oliphant 1999); Catch3D (Allen 1996); and mBos#hi@k can be directly interfaced with
SIRIAS, Smith et al. 2003; Foley 2010). From tlenparison of sprinkler models in Smith
et al. (2003) the model SIRIAS is the only sprimki@del currently available that considers
from sprinkler distribution and effects of wind acan be interfaced with software to overlap
sprinkler distributions. SIRIAS requires a radeg pattern for the given sprinkler, nozzle
height and pressure.

5.2.3 Discussion of ballistic sprinkler models

Sprinkler models are used to account for the speadtern of different sprinkler packages
under varying environmental conditions (e.g. wintlowever, the models require
measurements of wind speed and direction alongrigation machine at different heights
from the ground which is not practical in a fieldglementation. In addition, new wind
measurements and the changing orientation of tigation machine will require the
irrigation adjustment to be nearly continuously atedl. This will lead to an increase in the
computing requirements potentially beyond the cdipabf an irrigation machine-mounted
processor. Hence, complex sprinkler models ardeasible for on-the-go precision

irrigation decisions.

The hydraulic model SIRIAS was used to estimateatheunt of water that was being

applied along irrigation machines. This model éeslwvind sprinkler patterns with different
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speeds and directions to be implemented. The mBosel is compatible with SIRIAS to

aggregate the patterns.

The VARIwise control strategies were updated tosater irrigation application variation.
The sensor-based adaptive control strategies inthgiacorporate irrigation uncertainty:
Iterative Learning Control (ILC) adapts the irriggat volume to any error in predicted
response according to the previous irrigation @ggibbn, whilst Iterative Hill Climbing
Control (IHCC) applies the irrigation volume thatresponds to the highest extrapolated
performance index. The MPC strategy was updat&tttirporate irrigation application
uncertainty by applying the median irrigation vokithat corresponds to the highest
performance index from the tested irrigation agilan volumes for each cell and irrigation
event. Previously, the MPC strategy applied thgation volume with the highest

performance index and lowest value.

5.3 EVALUATION OF CONTROL STRATEGIES WITH IRRIGATIO N

DISTRIBUTION VARIATION

5.3.1 Case study inputs

A simulation case study was conducted to evaldaegyerformance of the control strategies
under different magnitudes of uncertainty in irtiga application. The case study involved
simulations of a whole season cotton crop growntlen Darling Downs, Australia with
parameters as outlined in Table 5.1. The sowing, d®il properties and weather pattern was
characteristic of cotton growing regions in Aust&tal The soil and plant parameters of the
cotton model OZCOT were kept within the boundarjuga defined by Wells and Hearn
(1992).

The spatial variability in soil parameters in eael for the ILC and IHCC strategies and the
zones applied for the IHCC strategy are shownguié 5.1. In the simulated field, the plant
available water capacity (PAWC) ranges from 6006 &hm. This was selected to ensure the
control strategies could deal with the different gges that often exist within fields. For
MPC, the field was automatically divided into 4%es, each of area approximately 0.3 ha
(Figure 5.2), and the irrigations occurred dailthis number of zones enabled the
simulations to be executed in a timely manner aad appropriate to the substantial in-field
spatial variability of soil properties.
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Table 5.1 Agronomic factors used in cotton model OZCOTdontrol strategy simulations (where

HydroLOGIC is a user interface for OZCOT, Richaetisl. 2008)

Agronomic factor Value Source
Sowing dat 4 October 20C Nil
Plant stan 12 plants/r Default in HydroLOGI(
Seed depl 5cn Default in HydroLOGI(
Row spacin 1m Default in HydroLOGI(
. . . . Rochestor (2006); Rhestel
Available nitrogen 250 kg/ha (for maximum yield) et al. (2009)
Previous cro Othel Nil
Defoliation date Determined by OZCQC Nil
Harvest dal Determined by OZCQC Nil
Cotton variet Sicot 7 Nil
Plant available water capac As per Figure Nil
Starting so-watel Plant available water cayity Nil
Weather dal As per Figure Nil
Machine typ: Centre pivc Nil
Field siz¢ 400 m diamet¢ Nil
Machine capacil 15 mm/da Nil
End of irrigation perio 14 March 200 Nil

Sand
(PAWC=60mm)

Clay loam
(PAWC=150mm

Clay o

(PAWC=200mm)

Key:

O Zone 1
E Zone 2

M Zone 3

(a) (b)
Figure 5.1 Soil variability for: (a) industry-standard, IL&hd IHCC strategy simulation; and (b) the

Plant available
water content
(mm)

B0 200

cells assigned to each zone using the soil vaitiabihta of Figure 5.1(a)

Plant available

Figure 5.2 Plant available water capacity as calibrated adeh predictive control implementation

37 of 101



A daily weather profile was obtained for the GP&lon -28.18°N 151.26°E from an
Australian Bureau of Meteorology SILO dataset (QNROD9) for 2004/2005. The weather
profile is relatively hot and wet, late in the cregrason (Figure 5.3)

60

Rainfall event of
120mm on day 67

50 -

Weather units

-

Days afte

sowing

aRainfall (mm) 0 Minimumtemperature (“C)
m Maximumtemperature (°C)  m Solar radiation (MJ/m2)

Figure 5.3 Weather profile used in irrigation applicatiorrieéion case study

5.3.2 Irrigation application variation

Methodology — statistical distribution

An uncertainty analysis was conducted in VARIwigeifrigation application using the three
adaptive irrigation control strategies (ILC, IHCGdaVIPC). Ten replicates of simulations
were conducted with £10%, +20% and +50% variationrigation from each sprinkler

during every irrigation event.

Methodology — sprinkler model prediction
Sprinkler distributions from a ballistic sprinklerodel were implemented in VARIwise to
evaluate the performance of the strategies witflerdiht wind strengths. Sprinkler patterns
were obtained from the sprinkler model SIRIAS wigit wind (0-5 m/s), moderate wind
(7.5-12.5 m/s) and strong wind (15-22.5 m/s) anerlapped and aggregated using the
mBOSS model at 16 wind directions (0-360° at 2iatvals). Ten replicates of the
irrigation distribution patterns were generateddrydomly selecting and aggregating
sprinkler patterns within each strength of windr Each simulation, a multiplication factor
to apply to the irrigation volume for each cell wletermined by randomly combining the
generated sprinkler patterns. VARIwise contratggy simulations were then conducted
using the ten replicates of each wind strength.
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5.3.3 Performance of control strategies

Performance of adaptive control strategies withistecal variation in irrigation

The simulated yield and crop water use index otlinee adaptive control strategies with
different amounts of irrigation uncertainty are wian Figure 5.4 (full data in Appendix
A.1-A.3). These show the impact of uncertaintyriigation application to be relatively low
with £50% variation 17%, 32% and 21% reductionigld/ for ILC, IHCC and MPC,
respectively. Hence, the ILC and MPC strategiefopm adequately with unmeasured
irrigation application uncertainty; however, IHCE&rforms significantly worse with £50%

variation in irrigation application.
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Figure 5.4 Performance of ten replicates of the ILC, IHC@ MPC strategies with irrigation
uncertainty of 0%, +10%, +20% and +50% standardad®n

Performance of adaptive control strategies withdicgve sprinkler model

Figure 5.5 presents the simulation results forthinee adaptive control strategies with
ballistic sprinkler patterns predicted using SIRI&&] aggregated using mBOSS at different
wind strengths (full data in Appendix A.4-A.6). &hesults show that the yield can be
maintained with light wind, but reduces signifidgmith strong wind for all control

strategies.
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Figure 5.5 Performance of ten replicates of the ILC, IHC@® 8MPC strategies with light, moderate

and strong wind in random wind directions

5.4 VALIDATION OF BALLISTIC SPRINKLER MODEL

The simulations in Section 5.3 showed significaatuctions in yield and crop water use
index under moderate and strong wind. This ineés#hat wind could have signifciant
impacts on the performance of adaptive controtetyias implemented on sprinkler irrigation
systems. This also demonstrated that the abdifyrédict the sprinkler pattern could enable
the control strategy to adjust the application adicgly. A validation of the ballistic
sprinkler model would enable the accuracy of baglisprinkler models to be established.
This section describes a field evaluation conduct&2D12/13 that compared the modelled
andmeasured sprinkler pattern in different winddions.

5.4.1 Methodology

Catch can trials were conducted to evaluate thiepeance of SIRIAS and mBOSS models
at light, moderate and high wind speeds. For gacd strength, catch cans were positioned
five metres apart and in three, 10 metre rows @mwtgular to the irrigation machine) under
one span of a centre pivot irrigation machine. iddividual sprinkler pattern was obtained
from the SIRIAS model for a standard sprinkler.e atterns were then overlayed and
aggregated using mBOSS with the machine’s sprirddacing and the measured wind
conditions. The wind direction entered into mBO&ss adjusted to account for the
irrigation machine’s direction of travel. Negatmnd directions resulted in the mBOSS
output sprinkler pattern being mirrored.
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5.4.2 Case study inputs

Catch can trials were conducted during irrigatigargs on 24 October 2012 (light wind), 10
January 2013 (high wind) and 14 May 2013 (modenate), where 20 mm, 15 mm and 20
mm were applied, respectively. One span of a egutiot irrigation machine in Jondaryan,
QLD was monitored. There were fifteen outlets lna $pan with size 32 3TN nozzles spaced
three metres apart. Wind speed and direction wer@sured using an onsite Weathermaster
2000 automatic weather station (Environdata Austilly Ltd., Warwick QLD). Table 5.2

presents the parameters measured using the weédhien for input to the sprinkler models.

Table 5.2 Data inputs to mBOSS for sprinkler patterns ginlj moderate and strong wind

Parameter Light wind M(\):i?]:jate Strong wind
Wind speed (m/: 3.€ 8.¢ 12.F
Wind directior (°) 10 28( 10cC
Irrigation machine travel direction 33C 27C 20C
Wind direction relative to machine 40 10 -70

5.4.3 Results and discussion

The results of the catch can trials and correspmnaiodelled irrigation application
distributions are shown in Figure 5.6. There waserage standard deviation of £1.1, 1.5
and 2.3 mm in the measured irrigation volumes atbiegrrigation machine at the light,
moderate and strong wind speeds, respectively.

The measured irrigation depths along the span génévllowed the predicted irrigation
patterns for light and moderate wind. The predidategation depths were generally within
the range of measured irrigation depths.

These results indicate that a predictive ballispankler model could estimate the sprinkler
patterns at three wind speeds. Incorporationspirankler model to adjust the irrigation
could improve the performance of adaptive contir@tegies. However, this would require
localised wind sensors which may not be feasibke @sommercial field situation.

The adaptive control strategies assume that thened irrigation volume is applied as
desired. The estimated variation in irrigationttispcaused by wind could be used to update
the crop model utilised by the control strateg@oiving each irrigation event to improve

the model accuracy. A further enhancement maylwevasing the predicted irrigation
patterns to adjust the optimal irrigation applicatas determined by the adaptive control
strategy to account for the predicted variatiorsealby the wind. However, this approach is
computationally complex and would not be feasibléne scope of this project. Final yield
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can be maintained if irrigation is applied undew lspeed wind and as the uniformity of

irrigation is not significantly influenced by wirdtift and evaporation in this situation.
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Figure 5.6 Comparison of measured and modelled sprinkleepet in: (a) light wind; (b) moderate

wind; and (c) strong wind
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6. Irrigation control hardware for field evaluatson

6.1 CONTROL HARDWARE REQUIREMENTS

Field evaluation of the adaptive irrigation contstlategies required variable-rate control
hardware to adjust the irrigation application andifming. These trials were conducted on a
section of the field rather than on an entire atign system (e.g. irrigation machine). Hence,
the flow adjustment and monitoring hardware requeats were modest.

The control hardware had to be interfaced with VMRE to receive the irrigation adjustment
signals either at a set time (for surface irrigaior irrigation machine position (for overhead
irrigation). A web-enabled system was requiredriable real-time updates to the irrigation
adjustments. Remote access to the irrigation ctetrwould also allow remote monitoring
of the irrigation system performance.

6.2 COMMERCIALLY AVAILABLE CONTROL HARDWARE

6.2.1 Surface irrigation

The majority of surface irrigation systems in Aadizn cotton do not use automation to
commence, end or control irrigation applicationidgrevents. Site-specific surface
irrigation potentially enables the variability abp water requirements in the field to be
accounted for. However, growers often manuallyngesairrigation application where there
are large areas of the field with different soilmflitration properties. This is often achieved
for irrigation machines by adjusting the machinees) and for surface irrigation by
changing flow rate into individual furrows with tBfent siphon sizes or adjusting the outlets
of gated pipe.

Commercially available hardware that enables serfiagation automation consists of
channel and outlet gates fixed to concrete strastoontrolled by electromechanical
actuators (e.g. Rubicon SlipGate, FlumeGate) othianeical timers (e.g. Padman Stops).
This technology is presently limited to on-farmvil@ontrol. A review of commercially
available channel and outlet gates can be fouteth et al. (2010). However, there is no
commercially available automation hardware forriest common methods of surface
irrigation used in the Australian cotton industsypfion; gated pipe; bank-less systems; and
pipes through banks). Control hardware has beeel@®ed in research to regulate inflow
rate through individual outlets of a delivery maifdf using diaphragm valves driven by
rotary actuators (Hibbs et al. 1992).
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6.2.2 Centre pivot and lateral move irrigation

Existing commercial variable-rate irrigation sysgefor centre pivots and lateral moves are
manufactured by Design Feats (formerly Farmscaahngnt Irrigation and Precision
Irrigation. Either individual or groups of sprimekk are pulsed and off using solenoid valves
to create time-proportional control. The valves powered electrically or pneumatically and
in groups of sprinklers (Design Feats, Valmonigltion) or individually (Precision
Irrigation). The Design Feats and Valmont Irrigatsystems allow adjustment of the
irrigation application at increments of 1° arouhd field, whilst the Precision Irrigation
system allows an infinite number of adjustmentsiadothe field. The Precision Irrigation
system is Internet-enabled and uses wireless comation to control the valves. Currently
only two commercial growers in Queensland are knawmave variable-rate irrigation
hardware installed on a centre pivot/lateral mokigation machine: a sugarcane field in
Mackay (Wigginton, DW 2011, pers. comm., 12 Apai)d a dairy field in Thornton (a field
site used for a SEQ IF project at the NCEA). Thmsamercial systems can also achieve
variable application volumes to a limited extentayying the speed of the LMIM. This
approach does not vary the irrigation applicatimm@ the length of the lateral; rather, it

varies the irrigation application only in the trese direction.

Solenoid-based applicators have been developedrgtemented in research applications
(Perry et al. 2003; Evans et al. 1996; Han et@092 Bradbury and Ricketts 2009). Two
other approaches to variable-rate irrigation fartiee pivots and lateral moves have used: (i)
multiple manifolds of different-sized nozzles imdoinations to create a stepwise range of
rates (King and Wall 2005; Sadler et al. 2002); @ndh concentric pin inserted into the
sprinkler nozzle to reduce the cross sectional afélae nozzle, where the pin is then cycled
in and out with the duty cycle required to achiéhwedesired time-averaged flow rate (King
and Kincaid 1996; King et al. 1997).

Following discussions with the commercial variatdée providers, Design Feats offered
their variable-rate irrigation systems at cost,IsttfPrecision Irrigation offered their variable-
rate irrigation system for loan. This avenue Wwél pursued for whole field evaluations of

variable-rate irrigation, rather than a modestfigvaluation.
6.3 CONTROL HARDWARE DEVELOPMENT

Automated control hardware was specifically devetfor the surface and overhead

pressurised irrigation evaluation (Figure 6.1).isTihvolved additional hardware installed in-
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line with the irrigation outlets (Figure 6.2). Thasis for the approach was flow control and

used the following components:

» Ball valve for flow control
Each irrigation outlet was fitted with a brass balve (50 mm for siphons, 20 mm for
overhead outlets). The ball in each valve wasedtsuch that there was no sharp-edged
orifice and was effectively a linear flow contralleThe inlet was designed to plug
directly in-line with either the siphon for surfaicegation or the dropper for overhead
irrigation system. For the overhead irrigationteys, the outlet connection also enabled
connection to the sprinkler head.

» Servomechanism for flow adjustment
A servo was used to adjust the flow through thévadVe. This was implemented using
a linkage between the servo arm and the ball vaiue

* Flow meter
A flow meter was installed after each ball valvel @noduced a pulse output for every ten
litres that passed through the meter.

» lrrigation control board to interpret signals
A microcontroller board was required for each iatign outlet to individually receive
control signals from the main controller and traindtow meter readings to the main
controller. The power and data transmission wasiged to each irrigation control
board from the main controller using wires along tiead ditch or main pipe of the
irrigation machine.

* Main controller
A mini-computer was used as the main controlletierirrigation hardware (Fit-PC2,
CompulLab, Israel). A microcontroller board senttcol signals to and received flow
readings from the irrigation control boards. Thenputer was connected to the Internet,
accessed online files on a FTP server and traresivsgrvo positions to the irrigation
control boards as appropriate. A GPS was alsoemtad to the microcontroller board for
time and position information. The computer turoedvhen flow was detected from a
meter and during set times of the day for mainteean

» Data processor
A remote data processor processed the infieldatadaupdated files on a server
containing the control signals and correspondingetand/or position in the field. This
processor executed VARIwise to determine the itiageapplication and accounted for
the irrigation system hydraulics to determine tpprapriate control signals.

47 of 101



GPS

Control
signals

Fit-PC

Flow meter
readings

Flow meter
N

Figure 6.1 Hardware used to measure and adjust irrigatiqficgtion

Filter ——— »

Ball
valve
arm

Servo

Flow
meter

Figure 6.2 Hardware used for adjusting flow rate duringgation events

6.4 CONTROL HARDWARE — SURFACE IRRIGATION

6.4.1 Surface irrigation automation

The advance rate is required for determine irragatnfiltration and traditionally measured
using contact sensors at different distances aloadurrows. Alternate advance rate sensing
systems have also been developed. For exampleraaman be used to capture images of
the advance front and analysed to estimate cupasition of advance front (Lam et al. 2006,
McCarthy 2004). The machine vision system was dotonbe accurate for short distances
(i.e. less than 76 m from the head ditch), butelveas significant loss of accuracy for long
furrows of about 400 m long. To ensure the acguodthe advance meters at all distances
along the furrow, contact sensors were developddrestalled at four locations along each
controlled furrow. These sensors detected theradvaont by measuring the resistance
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across two exposed wires and a wireless signhatnaasmitted to a base station at the head
ditch when the resistance was above a set threghgidre 6.3(b)). When water was
detected, a wireless signal was transmitted t@@iver on the main controller using a remote

control.

Ultrasonic flow meters selected for the siphonsmtoimise impedance on flow rate (Octave
ultrasonic flow meters, Arad Group, Israel). Thesge designed such that the siphon could

directly plugged into the control hardware.

The flow rate through the siphons was automaticaig remotely adjusted with valves in-
line with the siphons which changed the diametehefsiphon outlet, and in turn altered the
flow rate (Figure 6.3(a)). The adjustment consighal transmitted to the control valve was
determined using a common Iterative Learning Cdmtigorithm (Ahn et al. 2007) which
calculates the required system input (the irrigaidjustment to be applied) at the current
iteration, i.e. thek)-th irrigation, according to

Ui(t) = Uiea(t) + y(yi(t) — (1)) (6.1)
where:
U = the system input (the irrigation adjustment to pelied) on the
current valve updateéth adjustment iteration)
y = thelearning gain
y«(A) = the measuredsystem output (i.e. measured advance distance
along furrow); and
vi(A) = the desired system output (i.edesiredadvance distance along

furrow).

The learning gairy was chosen to be 2 by iteration as a compromiseeea slow learning
(low y) and instability in the predictag values (highy).
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(a) (b)

Figure 6.3 (a) Inflow meters installed in-line with siphorand (b) advance meter

6.4.2 Validation of irrigation application — surface irrigation

Six siphon control valves were developed and useadigation trials on 11 January 2012 and
6 February 2012. The implemented irrigation adnesit and measured flow rate were
compared during the trial on 11 January 2012 tdueta the performance of the surface
irrigation control hardware (Figure 6.4). The flewpended on the head and water supply;

hence, the measurements used in this comparisantalen while the head was constant.
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Figure 6.4 Comparison of measured flow rate and desiregation adjustment for six siphons

From Figure 6.4 there was a linear relationshipvben the percentage irrigation flow
adjustment and measured flow rate. There weratns in flow rate produced by the
irrigation adjustment across the seven furrowsis Was likely caused by slightly different
heads between the siphons and temporal changesdhthroughout the irrigation event
causing the overall flow rate to change.
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6.5 CONTROL HARDWARE — OVERHEAD IRRIGATION

6.5.1 Overhead irrigation automation

Fifteen in-line filters, flow control valves andW meters were installed on one span of a
centre pivot irrigation machine (Figure 6.5). Thiers were used to prevent flow valve
blockages from debris in the water and singlerégrential (mechanical) 15 mm flow meters
(FluidFlo, Australia) were used. The internal filteas removed from each flow meter to
reduce blockages as an external filter was used.

Figure 6.5 Water filter, flow meter and controllable balllva on outlet of centre pivot irrigation

machine

A remotely accessible user interface for the cdiaodware and measurements was
developed (Figure 6.6). The software was usedaoually update the variable-rate
irrigation control signals as required. The useerface also enabled the monitoring of flow
rates from each outlet, position tracking of tmgation machine, and camera surveillance of
the span. LogMeln softwarét(ps://secure.logmein.cojmwas installed for remote desktop

access and control. DropBox file sharing softwaas used to transfer files containing the
irrigation control signals between the remote pssoe that determine irrigation volumes and

the infield main controller computer.

6.5.2 Validation of irrigation application — overhead irrigation

The flow rate measurements were recorded during ieagation event during the crop
season. This enabled a comparison of the irrigapplication adjustment with the flow
rates measured using flow meters to ensure thatritpation application from the outlets was

correct (Figure 6.7). There was a linear relatim&etween the measured flow rate and the
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percentage irrigation adjustment. Variations m flbw rate at set percentage irrigation

adjustments were likely caused by slight blockageke outlets.
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7. VARIwise for optimisation of seasonal cotton agement of surface

irrigation

7.1 INTRODUCTION

Over 94% of irrigated cotton in Australia is growsing surface irrigation (Raine and Foley
2002), a gravity method of irrigation. Surfacegation has low energy consumption and
initial capital cost, but typically uses 30-40% mavater and is more labour intensive than
centre pivot and lateral move irrigation systemafP 2006). Surface irrigation systems
apply water with 50-90% efficiency, whilst centrigqt and lateral move irrigation machines
apply water with 80-95% efficiency (VDPI 2011). i$ls because surface irrigation systems
convey water into furrows or bays which flows dosioped fields; hence the inflow is
typically continuous until the advance front reach®e end of the field. In contrast, centre
pivot and lateral move irrigation machines traversefield and apply irrigation water
directly to the crop under the irrigation machine.

The utilisation of automation and optimisation offace irrigation can reduce labour and
provide water savings. The predominant methodidése irrigation in Australian cotton
uses siphons that are manually primed to stagaition and stop irrigation. The control
valves installed on siphons as described in Se@imwould enable the control of flow rate
and cut-off time. Optimisation algorithms are riegd to determine the irrigation

adjustments.

Optimisation algorithms have been developed tmeefirigation application for surface
irrigation systems and applied through adjusting ona combination of the following: (i)
day of the irrigation event; (ii) inflow rate; awmd/(iii) cut-off time. For option (i), the day of
the irrigation event is typically determined by swl-water deficit and crop stage.
Optimisation algorithms (e.g. genetic algorithmayda been applied to determine surface
irrigation timing (Schmitz et al. 2007).

Algorithms have been developed to refine the inflate and/or cut-off time (options (ii) and
(ii)) such that the irrigation inflow is turnedfdefore the advance front reaches the end of
the furrow, but the slope of the field and infitican characteristics enable the advance front
to still reach the end of the furrow. Optimal 0¥l rates and cut-off times can be determined
from surface irrigation models that estimate tHétiation trajectory (e.g. ‘SISCO’ Gillies et
al. 2010; ‘WIinSRFR’ Bautista et al. 2009; ‘HYDRUSMW6hling et al. 2006), and adjusted
either once before the irrigation event from histairdata or estimation (e.g. Khatri and
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Smith 2006; Koech et al. 2010), or throughout atign events from real-time advance rate
measurements (e.g. Clemmens and Keats 1992; Hilalhs1©92). The basis for these is
typically a surface irrigation hydraulic model, ééped from flow models to determine the
wetting profiles along the field.

The surface irrigation models determine infiltratjparameters that characterise the
movement of irrigation along the furrow, and estiendne distribution of irrigation

infiltration along the field using historical flovate and advance rate measurements and cut-
off time. However, they do not consider plant aod response to irrigation and the
infiltration distribution selected only using therface irrigation model may not necessarily
maximise yield or water productivity of the crofin alternate approach is to develop the
desired infiltration distribution by consideringetbpatial variability of crop water
requirements along each furrow. The inflow ratd/ancut-off time could then be adjusted
to best achieve the desired variability. Crop wate models have been incorporated into
the optimisation of inflow rate and cut-off timeing neural networks and dynamic
programming (W6hling and Schmitz 2007; Wo6hling &failhol 2007); however, these were
simplified crop models that did not consider stuuat and fruiting development for specific

crops.

Adaptive control strategies developed as part®fWARIwise’ control framework
(McCarthy et al. 2010) can incorporate weathet,asad plant sensor inputs to determine
irrigation application and/or timing. The capadtyilio determine the inflow rate and cut-off
time that produces an irrigation distribution aldogows that was closest to the optimal
irrigation distribution was incorporated into VARiBe (described in Section 4.2).

7.1.1 Outline

This section describes the application of site-gjpe@daptive control strategies to surface

irrigation. This involved the adaptation of the RAvise framework to surface irrigation,

and the setup and results of a field trial dematisiy these control strategies. These are

described by:

» collection of field measurements for trial to eakithe real-time adaptive control of
surface irrigation (Section 7.2)

» processing of field data into correct format fontrol strategy implementation (Section
7.3)

» comparison of results of the irrigation controbsegies (Section 7.4)
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7.2 MATERIALS AND METHODS

7.2.1 Field site

Sicot 74BRF was planted on a siphon irrigatedatitdéondaryan, Queensland (with GPS
location 27°24'34.33" S 151°36'8.00" E) on 25 Oeta?011. The rows were 318 m long,
furrow spacing was 1 m, field slope was 0.001601h mnd each siphon irrigated two rows
of cotton. Urea was broadcast on the cotton crop®December 2011 and the soil nitrogen
content was estimated to be 150 kg/ha by the faagrenomist.

The topography of the field was measured usingrapyuevel on 19 September 2011 for
input into the hydraulic model and to choose d &iaa with a slope as close to constant as
possible. A vertical EM survey was conducted anftbld on 23 September 2011 to estimate
the variability of the soil properties (Figure 7.Ihis EM survey indicated increased clay
content in the soll at the centre of the furrowigFe 7.2).

23 September 2011
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Figure 7.1 Measured electrical conductivity along sevendws at trial site to evaluate spatial

variability of soil properties

7.2.2 Adaptive control strategies

The strategies implemented in VARIwise are baseddwanced process control that have
been identified as being applicable to improvegation management to refine the irrigation
application and timing (McCarthy et al. 2013). Bwontrol strategies take an engineering
approach and are now routinely applied for manufawg and chemical process systems and
combines elements from many disciplines spanniagstdal control engineering, signal
processing, statistics, decision theory and auifiotelligence (Ikonen and Najim 2002).
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Two types of strategies have been identified fgsl@mentation in irrigation control: (a)
sensor-based strategies which determine the wigapplication directly from field
measurements (i.e. to fill soil profile); and (bpdel-based strategies which determine
irrigation application from a crop model calibratesing field measurements. For example,
Iterative Learning Control (ILC) involves refinirgystem inputs using the error between a
measured and desired soil and/or crop responses(el-gvater). Model Predictive Control
(MPC) executes a model repeatedly to determingaition volume and timing that achieves
the desired performance objective.

Sensor-based control strategies require iteratbisigation events to adapt the irrigation
application throughout the crop season. Howevwgfase irrigation events are not frequent
(typically a maximum of five irrigations within atton season), and would be insufficient
for sensor-based strategies to sufficiently refiveirrigation application. Model-based
control strategies are applicable to surface itiogebecause the model calibrated using the
available data can effectively update the decisaher than requiring an irrigation event to
update the algorithm. Hence, the model-basedeglyd?!PC was evaluated for real-time
adaptive control of surface irrigation.

Two replicates of the MPC treatments were implee@ntith three different objectives: (i)
to fill the soil profile; (ii) to maximise yield;ra (iii) to maximise crop water use index
(Table 7.1). Six furrows were sensed and conticdied an additional furrow was monitored
(but not controlled) for comparison. The optimaigiation distribution along each furrow
was derived using VARIwise with the available inplata.

Table 7.2 Irrigation control strategies implemented on seftgrows of trial

Furrow = Performance objective = Replicate
N/A 1

Fill soil-water profile
Maximise vyielc
MaximiseCWUI

Fill soil-water profile
Maximise yielc
MaximiseCWUI

N oo, WN PR
WINEFPWN PP

7.2.3 Surface irrigation hydraulics

To simulate surface irrigation events, the inftima parameters of each furrow were
determined from an irrigation event on 27 Decen@fdrl using irrigation measurements and
the surface irrigation simulation model (a proagsscribed in Section 4). This required
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collection of inflow rates through each siphon gsidctave ultrasonic flow meters (Arad
Group, Israel) and advance rate using four advaansors along each furrow (Section 4).
The measured flow and advance rates were recoodsa dn-site Fit-PC2 computer
(Compulab, Israel) with a timestamp. For thislitiae cut-off time was fixed according to
the optimised irrigation parameters before th@ation event, whilst the flow rate was
adjusted according to the difference between th@sored and optimal advance trajectory.

7.2.4 Measurements

Weather, soil-water and plant data were collecetd/éen November 2011 and March 2012.
These were used to calibrate the cotton model OZ@iEHin VARIwise following the
procedure of McCarthy et al. (2011). The fieldltwas divided into 448 cells where the
cells were 2 m (two furrows) wide and 5 m long (@ls along each pair of furrows). A
Weathermaster 2000 automatic weather station (Bndata Australia Pty Ltd., Warwick
QLD) was installed in the field of the trial ardadure 7.2).

20-Oct10-Nov01-De2-Dec12-Jan02-Fel23-Feb15-Mar05-Apr 26-Apr
Date

BRainfall (mm) OMinimumtemperature (°C)

B Maximumtemperature (*C) mSolar radiation (MJ/m”)

Figure 7.2 Weather data during trial for Adelong farm in daryan, Queensland

ICT International MP406 standing wave soil-watarsse's were installed at the centre of
each furrow at three depths (30 cm, 60 cm and 90acih measure volumetric soil-water (%)
on 7 November 2011 after the cotton had germinaldek electromagnetic induction of the
soil was measured to estimate spatial variabilityod characteristics by manually carrying
the sensor over the field before and after ea@yaiion event. Plant density, plant height (to
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estimate leaf area index), boll counts and floweemts (to estimate square counts) were
sensed using the ground-based fruit load and vegetsensing system described in Section
2. Plant measurements were manually collectelaeaténtre of the seven furrows on each

measurement date for comparison (Section 2).

7.2.5 Data processing

The soil-water sensors measured volumetric soiew@b); however, the OZCOT model
requires soil-water measurements in millimetresctdibration. The soil-water sensor data
were converted to soil-water (mm) by comparingapparent change in volumetric soil-
water with known soil characteristics (plant avialidawater capacity as determined by
agronomist and daily crop water use).

Direct measurement of soil-water using infield geast a high spatial resolution is not
practical or feasible in a commercial cropping &ton. A common non-contact soil sensor

is based on electromagnetic induction (EM). EM saeaments have been correlated to soil-
water measurements (Hossain 2008); hence, folloe@udp survey these measurements were
correlated to the soil-water measurements to estith@ spatial variability of soil-water.

7.3 FIELD DATA AND PROCESSING

7.3.1 Soil data

Soil-water readings were collected between Noveraib&d and March 2012. These
required conversion from volumetric soil-water @nit(%) to soil-water (mm). This was
achieved by monitoring the apparent soil-water geasturing rainfall events of 4 mm on 16
November 2011 and 18 mm on 11 December 2011 angr¢leatering irrigation event on
27 December 2011. The measurement difference @rapared with the measured
irrigation/rainfall depth (Figure 7.3) to determitie calibration equation for the soil-water
change (first row of Table 7.2).

This adjustment accounts for the relative changesil-water throughout the crop season,
but does not account for the quantitative soil-watdues with respect to the field capacity
and refill point of the soil. Hence, the soil nai® curves were also adjusted such that the
maximum soil-water until the first controlled iragon event aligned with the soil field
capacity. In this fieldwork, the maximum field @aty in the trial was taken to be 185 mm
(as determined by the farm's agronomist) and titeveder readings were adjusted
accordingly (Figure 7.3). The plant available watgpacity was then estimated in the seven
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cells with soil-water sensors to be the maximunustéd soil-water reading before the first

controlled irrigation event.

<

O T T T T T T T T
08-Nov 22-Nov 06-Dec 20-Dec 03-dan 17-Jan 31-Jan 14-Feb 28-Feb
Date

Figure 7.3 Volumetric soil-water measured daily at the cemtf each furrow

EM measurements were used throughout the cottmosda estimate the spatial variability
of plant available water capacity and soil-wateth@ unmeasured cells. Linear regression
equations were developed for the seven cells wilhasater sensors on each measurement
day for the relationships between EM and plantlalkée water capacity, and EM and sensor-
measured soil-water (Table 7.2). These regressjoations were used to estimate soil
properties and soil-water in the unmeasured céliseofield (Figure 7.4).
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Table 7.2: Estimation of the plant available wateicapacity and soil-water using field

measurements
Sensor . .
Date Measurement §) . Regression Goodness of fit
input (x)
: . Change
16 November Change in soil- | .
' in sensed =11.48%-0.6078 0.9629
10, 27 December 2011  water depth . y
soil-water
Plant availble
13 October 2011 . EM y=2411&-162.24 0.8751
water capacity
10 November 201 Soil-watel EM y=1.03x - 13.32] 0.339°
13 December 20: Soil-watel EM y=1.136& - 108.8t¢ 0.471¢
7 January 201 Soil-watel EM y=1.620% - 138.9¢ 0.289¢
21 January 20 Soil-watel EM y =2.326x - 270.2¢ 0.311:
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Figure 7.4 Estimated plant available water capacity andwatler along the seven furrows using
point soil-water and EM measurements
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The plant available water capacity was highesDatr along the furrow for all furrows in
the trial and overall highest in the uncontrolladéw. The spatial variation in plant
available water capacity was low at 5.6 mm acrbsdield.

On all measurement days the soil-water was lowesb@ut 70 m into the furrows and the tall
drain which corresponds to the areas with lowentpdaailable water capacities. There was a
soil-water peak about 120 m along the furrows. réleas more variability in soil-water

along each furrow as the season progressed (waitage standard deviations along the
furrows of 5.8 mm, 6.3 mm, 10.7 mm and 12.1 mmtlerfour measurement days). The

soil-water was higher in the uncontrolled furrowr(dbw 1) than the other furrows.

7.3.2 Plant data

Plant measurements were taken on 30 November 201December 2011, 7 January 2012
and 21 January 2012 using the ground-based plasingesystem (described in Section 2).
Field access to take measurements was limitedrip 2&12 because of rain and irrigation

events.

Plant density

Plant density was estimated along the seven furoowk0 November 2011 and on average
was 9.2 plants/m? (Figure 7.5). The variationhi@ plant density along the furrows was
caused by gaps in the cotton planting. There waspparent spatial pattern in plant density

along the furrows.

30 November 2011

.
o

Plant density (plantsim?)

o N B O ®

0 50 100 150 200 250 300 350
Distance along furrow (m)

[ —1 - 2 ——3 ——4 — -5 6 —-7]

Figure 7.5 Plant density estimated using plant sensing sysileng seven furrows in trial
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Plant height

Plant height was measured along each furrow usingteasonic distance sensor (Figure
7.6). The plants were generally taller at thedediin end than the head ditch end. This is
likely because more irrigation water was appliethathead ditch which may have reduced

vegetative growth if over-watered.

The plant height became more variable along th@Ws as the crop season progressed;
however, there was only a small variation in plagight along the furrows (+ 2.9%). On all
measurement days, the plants under the MPC stradeggximise yield (furrows 3 and 6)
were the tallest (which also contained the lowanphvailable water capacity and soil-
water). On 7 January 2012 and 21 January 201glaime height in furrow 1 (uncontrolled

furrow) was the lowest in the trial.

110

100

0 T " 21 January 2012

ao

70

€0

Plant height (cm)

w
40 ] .

~. o 19 December 2011

-
~.

30 November 2011

0 50 100 120 200 250 300 350 400
Distance along furrow (m)

1 2 3 4 — =5 e — =T

Figure 7.6 Plant sensing system estimated cotton plant heighg seven furrows in trial

63 of 101



Flower count

The image analysis described in Section 2 was img@ieéed on images collected using the
ground-based plant sensing system to estimatdaWwerfcount on 7 January 2012 and 21
January 2012 (Figure 7.7). These measurementsugserkto estimate the square count as
detailed in Section 7.2.6. The number of floweeswwer on 20 January 2012 than on 7
January 2012 as bolls formed. On 7 January 204r2 thhere more flowers at the head ditch,

whilst on 20 January 2012 there was improved umifyrin the flowers along all the
furrows.

The lowest flower counts were measured in the umoted furrow (furrow 1) and in the
furrows under the MPC strategy that aimed to i soil-water profile (furrows 2 and 5).
These furrows also produced shorter plants, insigahat the irrigation application was not
optimising yield.

7 January 2012 20 January 2012

(e}
(o]

[4)]

a1

~

=

Flower count (flowers/m?)
N w

Flower count (flowers/m?)
w

N

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Distance along furrow (m) Distance along furrow (m)

[—1 - 2 —3 ——4 — =5 e 6 —-7] [ —1 - 2 ——3 ——4 — =5 6 —-7]

Figure 7.7: Plant sensing system estimated flower count asavgn furrows in trial

Boll count

Boll counts were estimated using the plant sensystem on 7 January 2012 and 21 January
2012 (Figure 7.8). Boll counts were generally bfhat the head ditch which is consistent
with the squares counts. On 7 January 2012 tHeboht was lowest for the uncontrolled
furrow (furrow 1) and the MPC strategy maximisinglg (furrows 3 and 6), and highest for
the MPC strategy maximising CWUI (furrows 4 and On 20 January 2012 the boll count
was lowest for the uncontrolled furrow (furrow hdsthe MPC strategy filling the soil-water
profile (furrow 2 and 5). The lower flower coumsfurrows 1, 2 and 5 followed on to lower
boll counts in the same furrows, while boll devetegnt increased under the MPC strategy
maximising yield (furrows 3 and 6).
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Figure 7.8 Plant sensing system estimated boll count alengrsfurrows in trial

7.4 IRRIGATION TREATMENTS

7.4.1 Optimal irrigation distributions based on Model Predictive Control

Optimal irrigation depths determined using VARIwemntrol strategies were compared with
surface irrigation distributions estimated by tlyeltaulic model. The flow rate and advance
trajectory corresponding to the closest hydrauladel distribution was implemented in the
field.

The measured inflow rates are shown in Figure T@mporal variations in flow rate were
caused by fluctuations in the head of the irrigagbannel and changes in flow rate
implemented according to the measured advance Tdtere were larger variations in flow
rate during the second controlled irrigation ewban the first controlled irrigation event.

The flow rate in the uncontrolled furrow (furrowas the most uniform of the furrows
throughout both irrigation events (Figure 7.9).eTlow rate in the uncontrolled furrow was
9.1% higher than the other furrows during the finsgation event, and 9.3% higher than the

other furrows during the second irrigation event.

During the second irrigation event the flow ratéurrows 2, 3 and 7 were approximately
30% lower than the other furrows (Figure 7.9(b)he flow rate in these furrows was
reduced to minimise the difference between the aredsand optimal advance rate. This
demonstrates a potential 30% reduction in waterugs® adaptive control of surface

irrigation.
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Flow rate - 11 January 2012 Flow rate - 8 February 2012
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Figure 7.9 Flow measurements during controlled irrigatioerg on: (a) 11 January 2012; and (b) 6
February 2012

Figures 7.10 and 7.11 compare the predicted, measund fitted (to the measured) advance
rates and irrigation depths along each furrow éttkal for the controlled irrigation events on
11 January 2012 and 6 February 2012, respectiviglg advance rate for the uncontrolled
furrow was generally faster than the controlleddurs. In the both irrigation events for the
uncontrolled furrow the advance front reached tiee @& the field in under 500 minutes, and
for the controlled furrows the advance front reactie end of the field in 550-600 minutes.

This is because flow rate was generally highetHeruncontrolled furrow than the controlled
furrows.

The measured and optimal advance curves geneodlbtyved the same trends for each
furrow and irrigation event. During the first getion event, furrows 4, 5 and 6 showed the
largest variation between measured and optimalramtveates (Figure 7.10). From Figure
7.9 the flow rate in these furrows was higher thatflow rate in other furrows during the
subsequent irrigation event. This suggests thaintiitration parameters calculated for these

three furrows before the first irrigation event nieave been less accurate than those for the
other furrows.

The infiltration parameters were updated after aeaation event using the irrigation

measurements (Table 7.3). The predicted flow natge implemented at the start of each

irrigation event, and the measured advance trajpébo each furrow was updated.
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Advance rate - Furrow 1 - 11 January 2012
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Figure 7.10 Comparison of measured and predicted advancenaté January 2012 for controlled

furrow
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Advance rate - Furrow 1 - 6 February 2012
700
600
7 500 A
2 //
2 400 S
E /i"
2 300 e
= //,/
= 200 / ,,,,,
100 - -
0 = : : : : : ‘
0 50 100 150 200 250 300 350
Distance along furrow (m)
====-Predicted ¢ Measured -——Fitted |
Advance rate - Furrow 2 - 6 February 2012 Advance rate - Furrow 5 - 6 February 2012
700 700
600 600
% 500 P % 500 ~
2 ’z’ 2 ra
£ 400 # 2 400 z
E / E ,”’
o 300 7y o 300  a
£ . £
= 200 / = 200 / z
100 % 100 7S
0 T T T T T T ) 0 T T T T T T :
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Distance along furrow (m) Distance along furrow (m)
=-==-Predicted ¢ Measured ——Fitted ‘ -=-=--Predicted ¢ Measured ——Fitted ‘
Advance rate - Furrow 3 - 6 February 2012 Advance rate - Furrow 6 - 6 February 2012
700 700
600 - 600
td
% 500 . P % 500 /_.
o - o o
+ e = -
2 400 —z 2 400 — -
£ £
o 300 r o 300 g
£ > £ plog
= 200 L2 = 200 e
4" d”
100 <3 100 %
0 ‘ ‘ ‘ : ‘ ‘ . 0o’ ‘ ‘ ‘ ‘ ‘ .
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Distance along furrow (m) Distance along furrow (m)
-=-=--Predicted ¢ Measured ——Fitted ‘ -=-=--Predicted ¢ Measured ——Fitted ‘
Advance rate - Furrow 4 - 6 February 2012 Advance rate - Furrow 7 - 11 January 2012
700 700
600 600
500 ~ 500 e
g / £ -
2 400 2 400 —2
E / E s
o 300 o 300 g
£ / £ o
200 / 200 o
100 > 100 — Pl
0 . ; ; . ; ; . 0 == ; ; ; ; . .
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Distance along furrow (m) Distance along furrow (m)
| -=-=--Predicted ¢ Measured ——Fitted ‘ ‘ -=-=--Predicted ¢ Measured ——Fitted ‘

Figure 7.11 Comparison of measured and predicted advancemnade-ebruary 2012 for controlled

furrow
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Table 7.3 Infiltration parameters for each irrigation event

. Predicted
Imgation ¢\ row a k (m*min/m) fo (M*min/m) flow rate
event (Ls)

1 0.058956568377 | 0.07945074163¢ | 0.00006564965¢ N/A
2 0.103033739 0.072586458 0.0 N/A
3 0.07995988571< | 0.07052960812( | 0.00000881329( N/A
Monitored 4 0.09120000453¢ | 0.07258645834( 0.C N/A
5 0.09356436288: | 0.07521417033¢ | 0.00001847207( N/A
6 0.11773934463¢ | 0.05928893653 0.C N/A
7 0.07061028456: | 0.07741848957: | 0.000028835971 N/A

1 0.21263392383t | 0.03956211685¢ 0.C N/A (1.6)
led 2 0.08156831736F | 0.08513404810; 0.C 1.2
Ifr?;;{% ne 1 3 0.06942146764( | 0.09872941355¢ 0.C ’ 1.4
(600 4 0.00722912360C | 0.14077591066( | 0.00000847912: 1.4
minutes) 5 0.021076639207 | 0.131517973927 | 0.00000453287- 1.E
6 0.00908609706F | 0.13524899230¢ | 0.00002037947: 1.4
7 0.03351065491F | 0.10348438395¢ 0.C 1.4

1 0.00571989327¢ | 0.13495755208. | 0.00000634489: N/A (1.6)
led 2 0.01638193680F | 0.11535807291¢ 0.C 1.2
Ifr?;;{% nez 3 0.01805600772( | 0.11740326274¢ 0.C 1.4
(550 4 0.01249223595( | 0.13799394410° | 0.00001248813: 1.€
minutes) 5 0.01216701119¢ | 0.13819189605( | 0.00001825051¢ 1.€
6 0.01828379720. | 0.14666528831: | 0.00002476302: 1.7
7 0.14968266279¢ | 0.05125511223 0.C 1.

Figures 7.12 and 7.13 show the optimal, predictetiféted infiltration distribution along

the furrows in the trial for the controlled irrigan events on 11 January 2012 and 6 February
2012, respectively. There was an average stamt#aidtion in irrigation application along

the furrows of 16.9 mm for the first controlledigiation event and 9.6 mm for the second
controlled irrigation event. This is consistenthwthe higher standard devaiations of soil-
water along the furrows of 10.7 mm on 7 January22fid 12.1 mm on 21 January 2012
(Figure 7.4).

Across the different treatments there was a standiviation in the optimal irrigation depths
of 0.20 mm for the first irrigation event and 012%n for the second irrigation event. There
was no significant difference in the optimal irtigen distributions between the control
strategies. The standard deviation of irrigatiepttis in each furrow was generally higher
for the predicted irrigation distribution than tinegation distribution fitted using the updated

infiltration parameters.

The plants near the tail drain required less itragaapplication which corresponds with the
lower plant available water capacity in this arégre 7.12 and 7.13). The soil-water and
plant available water capacity were also lowehatail drain: this suggests that these plants
consumed less water than those in the head dittttegiproduced fewer flowers but were
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taller than the plants near the head ditch. Hehees likely these plants consumed water
for vegetative growth rather than fruit development

The optimal irrigation depths were generally higleshe start and middle of the furrows
(Figures 7.12 and 7.13). This is generally comsistith the spatial trends of the soil-water
and plant available water capacity graphs whicreviighest at the middle of the furrow
(Figure 7.4).

The largest differences between predicted andlfitiBltration distributions occurred for
furrows 4, 5 and 6 during the first irrigation eteand furrows 3 and 6 during the second
irrigation event. This corresponds with the meadwadvance rates not following the optimal
advance rates closely on the same furrows andiroig event: this indicates potential
inaccuracies in the infiltration parameters from thonitored irrigation event on 27
December 2011.
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Figure 7.12 Comparison of irrigation application on 11 Jayu2®12 according to: (i) model
predictive control strategy; (ii) closest hydrautwodel distribution; and (iii) fitted distribution
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Infiltration - Furrow 1 - 6 February 2012
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Figure 7.13 Comparison of irrigation application on 6 Febyua012 according to: (i) model
predictive control strategy; (ii) closest hydrautwodel distribution; and (iii) fitted distribution
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7.5 RESULTS AND DISCUSSION

7.5.1 Control strategy performance - irrigation

The irrigation performance results of the two coled irrigations are shown in Table 7.4.
The performance results in Table 7.4 include appiba efficiency which is the proportion of
the volume of water added to the root zone to tlemae of water applied to the field
(Walker 1989). Irrigation system performance meastypically compare the irrigation
volume applied to the volume required to fill tlelsvater profile, and the uniformity of the
irrigation application. As these performancesraredesirable in this experiment, another
performance measure ‘irrigation requirement indexlefined in this paper as the proportion

of volume of water added to the root zone to thinmgd volume of irrigation application.

Table 7.4 Performance of evaluated irrigation control sigats

Controlled irrigation 1 Controlled irrigation 2
Irrigation treatment Application Irrlgatlon Application b gAMoL

efficiency requirement efficiency requirement

index index

Grower’s irrigation treatme 85.9% N/A 80.5% N/A

Achieve full soil profile 87.2+3.09 | 96.6+2.29 | 91.9+2.79 | 90.0+0.19
Maximise yielc 86.5+1.39 | 89.0+3.59 | 88.3+1.89 | 86.0+0.29
Maximise crop water useind | 87.£+£3.4% | 96.1+0.29 | 88.4+2.39 | 82.8+0.29

Controlling the irrigation events increased thel@pgion efficiency by an average 6%: this is
because generally higher irrigation volumes werdieg at the tail drain ends of the furrows

and led to improved uniformity in irrigation apiton along the furrows.

The application efficiency and irrigation requiremhédex were generally lowest in the
furrows that aimed to maximise yield. This is hesmthis strategy did not consider the
amount of water to determine the irrigation requieat which could have led to increased

irrigation application.

The calculated irrigation requirement indices w&rE% higher during the second irrigation
event than the first irrigation event. This is &ese the irrigation treatments were more
uniform along the furrows and the fitted curveseveloser to the optimal curves during the

second irrigation event than the first irrigatiorest.

7.5.2 Control strategy performance - yield

Figure 7.14 displays the control strategy wateramskfinal yield where irrigation applied
was measured using the ultrasonic flow meters @&id was estimated from hand sampling
on 22 May 2012 before harvest on 23 May 2012. ifhelved taking manual cotton
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measurements from a representative 70 cm lengtbttdn plants near the start and end of

each furrow in the trial.
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Figure 7.14 Results of evaluated irrigation control stratsgi@) irrigation application; and (b) final

yield

This shows similar yields and final irrigation ajgakions across the controlled furrows.
However there was an average 12% water saving @¥dyleld improvement. The water
savings were achieved by reducing the flow ratenable infiltration at the end of each
furrow without extended the cut-off times of thagation events. The yield improvements
were caused by the improved infiltration at thédeain end of the field.

The yields and irrigation applications were simitar each controlled irrigation treatment
(Figure 7.14) with the exception of the measurddation application during a pre-watering
irrigation event in the furrows that maximised di€¢Figure 7.14(a)). This is because the
irrigation requirements along each furrow followsaohilar trends for each irrigation
treatment; hence, the performance objective ofrobstrategies did not produce significant
spatial difference in irrigation volumes to applgray each furrow. A larger difference
spatial variability in soil properties and planbgth may be required to cause change in
productivity under different performance objectiv@is also suggests that general
irrigation control ‘rules’ could be developed faffdrent soil types to determine the optimal
irrigation distributions and corresponding advarates and cut-off times.
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7.5 CONCLUSIONS

The model-based control strategy Model Predictivaetf®l was implemented on a surface
irrigation system to compare different performaabgectives and utilised soil-water and on-
the-go soil electromagnetic and plant sensing systeT he flow rates were adjusted to target
the advance rate that produced the control stradeggrmined infiltration distribution. The
different irrigation treatments produced similaasal irrigation requirement distributions
along the furrows. The small difference in irrigatrequirements between the control
treatments did not produce noticeable differenndbe irrigation application or subsequent
yields. However, there was a significant produgtimprovement utilising the control
strategies to adjust the flow rates into the fusowhis indicates that some level of control
to achieve spatial irrigation requirement patteras improve irrigation and crop

performance.

Further investigation is required to establishah@unt of spatial variability in the field is
required to benefit further from site-specific swé irrigation. Hence, further work will

entail field evaluation of control strategies dfedient spatial resolution of data collection and
application control.
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8. Field evaluation of adaptive control for CPLIMigation

8.1 INTRODUCTION

The development of the plant sensing system (Se&)i@nd investigation of irrigation
control hardware (Section 6) has provided the sasrsiod hardware to enable the field
evaluation of adaptive control strategies. Thmggpéive control strategies ‘Iterative
Learning Control’ (ILC), ‘Iterative Hill Climbing @ntrol' (IHCC) and ‘Model Predictive
Control' (MPC) have been developed and simulatedARIwise.

A field evaluation was conducted to evaluate thdopmance of the strategies on a large
mobile irrigation machine and compare these resuttssimulations. To conduct this
evaluation a modest field experiment was desigmeldiravolved implementation of ILC and
MPC control strategies. IHCC was not evaluated @sjuires many test cells which is not
feasible in the proposed fieldwork. This evaluatidso enabled the identification of the data
requirements of the MPC control strategy that mtedtisufficient calibration of the crop
model. Minimising the data requirements would padewan irrigation monitoring and control

system that would be more practical for implemaotain commercial cotton production.

8.2 MATERIALS AND METHODS

Cotton variety Sicot 74BRF was sown under a 306mg kcentre pivot irrigation machine on
9 October 2012 in Jondaryan, QLD. A vertical EMvey was conducted on 19 September
2012 to select the locations of the groups of cepdi plots that were relatively uniform
(Figure 8.1). Urea was broadcast on the cottop oro5 January 2013 and the soil nitrogen
content was estimated to be 170 kg/ha by the faagrenomist.
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Figure 8.1 Horizontal EM survey conducted on Jondaryan fighd site

8.2.1 Irrigation treatments

The fieldwork evaluated three replicates of tenticrstrategies shown in Table 8.1. This
compared the irrigation amounts applied and crofopmance of MPC strategies utilising
different combinations of performance objectived data inputs, and ILC strategies which
do not require a model to determine irrigation aagplons. Two plots of an industry-
standard irrigation treatment using FAO-56 were aisplemented for comparison with the
control strategies. The deficit ILC and FAO-56 ttpes targeted a soil-water deficit of 90%
of the plant available water capacity.
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Table 8.1 Control strategies evaluated in 2012/13 fieldwadre W indicates weather data input, S
indicates soil data input and P indicates plara dgut

ID sCt?aqggl/ Performance objective Data input
A MPC Maximise yield WSP
B MPC Maximise yield WS
C MPC Maximise yield WP
D MPC Maximise CWUI WSP
E MPC Maximise CWUI WS
F MPC Maximise CWUI WP
G ILC Fill soil-water profile WS
H ILC Achieve set soil-water deficit WS
I FAO-56 Fill soil-water profile WS
J FAO-56 Achieve set soil-water deficit WS

One span of the centre pivot irrigation machine®ng was selected to be controlled for
the trial. This span contained fifteen sprinklerth a throw of 16 m (Nelson Spinner with
3TN nozzles). An 8 m buffer was allowed acrosssiben such that each plot was 32 m wide
and 27 m long. The irrigation application was gdriidway between the plots as the
machine passes over the field.

The nozzles on this span were changed to incréasmaximum flow rate that could be
achieved and enable higher irrigation volumes tapfy@ied if required by the control

strategy. The nozzle size on the controlled spareased from an average of 28 to 32, which
increased the flow rate 22% at a pressure of 25 psi

A ball valve and flow meter (GSD5 Single-Jet 13 coid water meter with one pulse output
per litre) were installed on each dropper. Thgation valves and flow meters were
connected to an ‘irrigation controller’ computes@installed on the irrigation machine

tower. A GPS with an accuracy of 0.5 m was locatdtie centre of the span.

A remote computer running VARIwise collated the thea station, soil-water and real-time
plant sensor data to determine the required iiggadepth. This remote computer then
updated a file on a remote server containing tinegoe of irrigation applications required for
each sprinkler. The irrigation controller computbecked this file and adjusted the valves
accordingly.

8.2.2 Field measurements
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An Environdata Weathermaster 2000 automatic weatiadion was located next to the field
with the trial. Rain gauges were installed and uwadlg monitored at four locations in the

corners of the field to measure the spatial valitgitof rainfall.
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Figure 8.2 Weather data during centre pivot irrigation tirmJondaryan, Queensland

Soil measurements

Groups of three soil-water sensors (MP406 standenge sensors, ICT International) were
installed in seven of the plots onto a web ser8dicon Chip, Webserver in a Box) on 8
November 2012 after the cotton had germinated. UADEM sensor was used to collect soil
EM maps throughout the crop season to estimatelthege in soil-water over the whole
field. The EM measurements were then used to astiplant available water capacity and
soil-water to calibrate the crop model followingg throcedure of the surface irrigation trial

(section 7.2).

Plant measurements

Four plant sensing systems were developed and mdwntthe centre pivot irrigation
machine, three evenly across the controlled spdroaa on the span next to the trial for
comparison with the field trial. These sensingeys were used to estimate plant density
from images at the start of the season, plant héigéstimate leaf area index, flower counts

to estimate number of squares, and boll count(thesl earlier in Section 2). An on-
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ground, vehicle-based plant sensing system thimastd these plant parameters was also
evaluated on 10 October 2012, 15 November 201Betember 2012, 3 January 2013 and
17 January 2013. The DUALEM sensor was connectéaet vehicle-based plant sensing
system on these measurement days and the EM ream@rg recorded with the plant images

and measurements.

8.3 FIELD DATA AND PROCESSING

8.3.1 Soil-water

Soil-water was measured in plots B1 (sensor 1)(s&hsor 2), J3 (sensor 3), I3 (sensor 4),
H3 (sensor 5), E3 (sensor 6) and D3 (sensor 7ekkin Figure 8.1 between November
2012 and March 2013 (Figure 8.5). The changeilsader during rainfall events before the
first irrigation event on 19 December 2012 was usechlibrate the soil-water sensors. This
was achieved using the rainfall events of 24 mmibiNovember 2012, 78 mm on 18
November 2012 and 9 mm on 29 November 2012. Tihevater readings were further
adjusted according to the plant available wateac#y of the grey clay loam soil in the field
which was determined from soil samples taken inusi@012 to be 145 mm (Figure 8.3).

R

T 120

O T T T T T T T 1
09-Nov 23-Nov 07-Dec 21-Dec 04-Jan 18-Jan 01-Feb 15-Feb 0O1-Mar
Date

— 1 emm-- D e —] —=m5 i B — =T

Figure 8.3 Volumetric soil-water measured daily in sevenplaf the field trial

The EM measurements taken throughout the cottsoseaere used to determine
correlations between soil-water and EM. Linearesgion equations were established
between averaged EM measurements within five mefrdge centre of each plot and soil-
water readings in each measured plot (Table 8'Bese equations were used to estimate the
plant available water capacity and soil-water ioheplot of the trial (Figures 8.4 and 8.5).
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Table 8.2 Estimation of the plant available water capaaitg soil-water using EM measurements
wherey is the soil-water andis the EM

Date Measuremen Regressiol Goodness of fi
11, 18, 2¢ Change in sc- _

November 2012 water y = 6.512% + 4.6656 0.7940

15 November 2012 " antavailable ' _ 4 2155 0 0160 0.4687
water capacity

15 November 201 Soil-watel y = 0.455% + 33.85° 0.602*
25 December 20: Soil-watel y =0.5644x - 5.57( 0.570¢

3 January 201 Soil-watel y =0.326(x + 24.41° 0.864:

17 January 20: Soil-watel y = 0.306(x + 34.97: 0.607*

The measured plant available water capacity wasdbw replicate three of the trial (which
is consistent with EM map in Figure 8.1). It folls that the soil-water was lowest in
replicate three. The measured soil-water was gépdowest under the FAO-56 control
strategies (treatment | and J) and highest undet kBximising CWUI without soil-data
(treatment F) and the ILC strategy that filled sod-water profile (treatment G).

8.3.2 Plant measurements

Figures 8.4 and 8.5 display the plant measurentakés throughout the cotton season at the
centre of each trial plot. There were spatialatéoins in plant density around the field with a
standard deviation of £ 2.9 plants/m? in the pldtss likely that the primary contributor to
this was uneven sowing density. The plant deng#y lowest in replicate three of the trial
(with the lowest plant available water capacityhis indicates that the lower available water
may have reduced soil-water and contributed to towgethe germinate rates. The highest
plant densities were measured in the MPC plotsrtizaimised CWUI (treatments E and F)
and the ILC plots that filled the soil-water prefitreatment G). These treatment plots also
had the highest irrigation application which maydaontributed to the increased plant

density.

The plant height was highest in the areas withdmgitant densities (treatments E, F and G):
this indicates that there were more favourable grigwonditions in these areas. The plots
where FAO-56 strategies were implemented (treatsneand J) produced the shortest plants.
This is suggests that feedback in the irrigatiomticd decision improved growing conditions.
These results were consistent between the thededplicates.

The MPC strategies that maximised yield (treatrdgrand CWUI (treatment D) using all
data input produced the highest square counts.FA@ 56 strategy that filled the soil-water

profile (treatment I) also produced the highest benof squares. The lowest squares counts
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were detected in the MPC plot that maximised yweitlthout using the plant data. Hence, the

inclusion of plant data lead to improved modellwatiion and control strategy performance.

The plots in the second replicate generally produhe highest boll counts (corresponding
with the soil with the highest plant available watapacity). The MPC strategies
maximising yield with weather-and-plant input (treant B) and maximising CWUI with
weather-plant-and-soil input (treatment D) andR&©-56 strategy that filled the soil-water
profile (treatment I) produced the highest bolleisu This is consistent with the square
counts. It should also be noted that plots witthbr square and boll counts had lower plant
densities and were shorter. This indicates tlatttton plants produced more bolls and
produced fruit rather than vegetation when thers ss competition for light and soil-

water.

The lowest number of bolls were measured undeMP€ strategy maximising CWUI
without plant data input (treatment E) and the FA®strategy achieving a set soil-water
deficit (treatment J). This suggests that plama dapreferable to soil data for model
calibration in adaptive irrigation control.
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Figure 8.5 Estimated soil-water and plant parameters fattnents F-J
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8.4 RESULTS AND DISCUSSION

The irrigation application was controlled duringlai irrigation events on 19 December 2012,
21 December 2012, 5 January 2013, 7 January 2@LBriuary 2013, 22 January 2013, 26
January 2013 and 14 February 2013. The irrigat@dnmes applied and yield in each
controlled plot are displayed in Figure 8.6.

8.4.1 Control strategy performance - irrigation

The lowest irrigation volumes were applied in regie two of the trial (with the soil with the
highest plant available water capacity). The haglmeigation volumes were applied using
FAO-56 (treatments | and J) and ILC that filled sodl-water profile (treatment G). This is
because the FAO-56 strategies did not use feedbagkdate the irrigation application and
the ILC strategy was targeting a full soil-wateofge.

The lowest irrigation volumes were applied using@/Mthat maximised CWUI with weather-
and-soil input (treatment E) and weather-soil-atadpinput (treatment D) and MPC that
maximised yield with weather-and-soil input (treatthB). This indicates that suboptimal
irrigation applications may have been applied @atment E and B as plant data input was
not used by the irrigation control strategy. Hoemvthe strategy that maximised CWUI

utilising all data input potentially was able tomnnise the irrigation application to the crop.

The ILC and FAO-56 strategies applied higher iti@avolumes than the MPC strategies.
When targeting a 10% soil-water deficit, the ILEI&AO-56 strategies applied higher
irrigation volumes and resulted in similar or higheslds than targeting a full soil-water
profile. This indicates that the crop performamoproved under a deficit irrigation strategy.

ILC consumed less water than FAO-56 treatment pldtss is because FAO-56 only applied
the calculated crop water consumption, whilst Il&fedmined irrigation by comparing the
desired and measured soil-water to account fouapyedicted differences in soil-water.

For both MPC strategies, the weather-and-soil impuatbination applied the lowest irrigation

volumes. This indicates that the plant measurésnaorease the irrigation requirement
calculated.
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Figure 8.6. Results of field evaluation of adaptive contitbhegies on centre pivot irrigation
machine: (a) irrigation volumes applied during eadgation event averaged over the three
replicates of each strategy; and (b) measured inedéch plot
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8.4.2 Control strategy performance - yield

The yield in each plot was estimated from hand dasnaken at the centre of each plot, the
area of field covered by the sampled cotton andrtbasured seed turnout in each sample.
The yield was lowest in replicate one where thélsd the lowest plant available water
capacity. The lowest yields were also producetiénFAO-56 plots that targeted a soil-
water deficit (treatment J) and MPC plots that mased yield using weather-and-soil input

and maximised CWUI using all input data.

The highest yields were produced in the plotsithatemented the MPC strategies to
maximise yield using all data inputs (treatmen@A)l maximise CWUI using weather-and-
soil input (treatment E), and the FAO-56 stratdwyt filled the soil-water profile (treatment

). This generally corresponds with the plots fiatduced the highest square and boll counts

(e.g. treatments A and I).

The MPC strategies that maximised yield producgtidri yields as the level of data
complexity increased, and the MPC strategies tlaatirmsed CWUI produced lower yields
as the level of data complexity increased. Intmidthe MPC strategy that maximised yield
produced the highest yield with full data input dmdest yield with weather-and-soil data
input. This indicates that including plant inpatieases the accuracy of the yield prediction.
These results are consistent with the performabgrove of the MPC strategies
implemented: the model calibration improved withrendata inputs which led to high yields
for MPC maximising yield, but reduced water usel(&u to yield reductions) for MPC
maximising CWUI.

ILC applied more irrigation than the MPC strategigth any data input, and generally
achieved lower yields. As ILC required only saatta input, the ILC strategy would be suited
for achieving higher yields with low data availatyii However, under limited water the
MPC strategies would be preferable.

Adaptive control yielded approximately 7% more catand applied 4% less irrigation water
than FAO-56. The cotton under the adaptive comti@lwas also compared with cotton
under the outer span of the irrigation machine Wwihised the grower’s irrigation treatment
and with nozzles that applied 22% less water (leigu¥). The controlled span applied an
average 11.85 ML/ha (0.84 bales/Miated, Whilst the uncontrolled span applied 9.6 ML/ha
(0.85 bales/MLrigated (2 23% difference). There was an average 11%ehigield across the
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controlled plots than the uncontrolled span. Temonstrates that some level of irrigation
control (utilising the FAO-56 strategy) can leadsignificant water productivity
improvements. HVI classification of the sampleswgéd no significant different in lint
quality between the two spans.
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Figure 8.7 Comparison of yield in plots and in span nexpitmt

The adaptive control of irrigation produced loweater savings and yield improvements for
the centre pivot trial than the surface irrigatidal. This indicates that is greater potential
for water productivity improvements under surfacgation systems than centre pivots and
lateral moves. This is because larger irrigatiolumes are generally applied in surface
irrigation systems than in centre pivot and latemale irrigation systems which can lead to

less efficient management practices.

A yield map of the field was collected on 28 Ai@@13 (Figure 8.8). This shows an area of
low yield through the middle of the yield which wideely caused by weeds in the field. The
controlled (second-to-last outer) span has exteadeas of darker green than the

corresponding location on the uncontrolled (ouspgn. The yields in the weed patch were

similar under both spans.
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Figure 8.8 Yield map of centre pivot irrigated field wherkatk circles indicate locations of

towers on outer two spans of irrigation machine

8.5 CONCLUSION

A field evaluation of the Model Predictive Contaold Iterative Learning Control strategies
was conducted on one span of a centre pivot ifoigahachine. This was used to evaluate
the irrigation machine-mounted plant sensing sysitachcomparison of control strategies
with different data inputs. Plant data input gafigrincreased the irrigation requirement
calculated, but produced crop that aligned clostr thie performance objective. This
indicates that plant data would be preferable tibdsda input in model-based adaptive

irrigation control strategy implementations.

Irrigation control strategies (not necessarily ata) produced higher yield with reduced
water applications compared with the grower’s treatt. The adaptive control strategies
produced further yield improvements and water apgibn reductions compared with the
implemented FAO-56 strategy.

90 of 101



9. Conclusions and recommendations

9.1 ACHIEVEMENT OF PROJECT OBJECTIVES

This project investigated real-time irrigation catstrategies and sensing systems required
for automated irrigation control under commerciabpping conditions. The project
demonstrated a closed-loop control system utiligmfgeld sensors, site-specific decision
making irrigation strategies and irrigation contriehrdware on surface and overhead

irrigation systems.

A plant sensing system was developed to estimatetea index, square count, boll count
and plant density. This system could be utilisadiffials on either surface and centre pivot
or lateral move irrigation systems. The sensirgjesy was evaluated on a ground-based
platform at a siphon irrigated site in 2010/11 26d1/12 and mounted on a centre pivot
irrigation machine in 2012/13. The overhead itigafield evaluation indicated that plant
data was preferable to soil data if only one dapaii was available. This suggests that the
final irrigation control system may rely on plarstd and not require a high spatial or

temporal resolution of soil measurements.

Hydraulic modelling equations were utilised by VARde to convert the optimal irrigation
depths calculated to an appropriate control adboisurface irrigation systems (i.e. flow rate
and cut-off time for surface irrigation). A metladolgy was developed that enabled spatially
variable irrigation depths to be implemented byiating flow rate in siphon irrigation
systems. Uncertainty in irrigation application sad by wind drift under sprinkler irrigation
was also investigated. This indicated that théoperance of the control strategies was not

significantly affected under light wind.

Field evaluations of adaptive control strategiesensnducted on a surface irrigation system
(2011/12) and centre pivot irrigation system (2@B2/ This enabled demonstration of the
VARIwise control strategies integrated with: (itadrom infield weather station, soil-water
sensors and plant sensing systems; and (b) irfffeeldrate and advance meters and control
hardware. This combined approach demonstrated watngs of 4-12% and yield

improvements of 7-11%.

The surface irrigation trial produced higher waisyductivity results than the centre pivot

irrigation trial and indicates increased poterfoalwater savings in surface irrigation using
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adaptive control. The control strategies withetdéint performance objectives did not

produce significantly different results in the sué irrigation trial.

9.2 EXTENSION OPPORTUNITIES

9.2.1 Commercialisation of VARIwise framework

The next step for the centre pivot and lateral movgation implementation is the
commercialisation of the VARIwise framework. Th€HEA intends to open dialogue with
centre pivot and lateral move manufacturers wighwiew to get interest in the system
leading to consideration for commercialisation apyaities.

9.2.2 Future dissemination of outcomes

A web-based guide that displays estimates of tigation and yield differences from a range
of irrigation systems, climate scenarios and mameg strategies (e.g. site-specific vs
uniform irrigation) would enable growers to evaiigbtential impacts of irrigation control
systems to specific farming systems. This guidam@d ‘VARIwise Lite) will enable the
extension of the results to the industry and isdpénvestigated as part of the CRDC-
approved project ‘Advancing VARIwise: towards audorous irrigation and a grower’s
guide’.

9.2.3 Future research

More than 90% of irrigation of cotton in Australg@asurface irrigation; hence, further work
will be undertaken to evaluate the adaptive coriteshework in surface irrigation. This will
be achieved in the proposed CRDC project ‘Advan®Adrlwise towards autonomous
irrigation and a grower’s guide’. This will prosda comparison of the control strategy
performance with different spatial resolutions afadinput and an analysis of the sensing
requirement for site-specific adaptive control.eTihvestigation of both irrigation and
fertiliser application optimisation could also le@adfurther efficiency improvements.

9.3 RESEARCH COMMUNICATION

9.3.1 Journal papers

McCarthy, AC, Hancock, NH and Raine, SR (2013a) aktbed process control of irrigation:
the current state and an analysis to aid futureldgmentlrrigation Science31(3):183-192.

McCarthy, AC, Hancock, NH and Raine, SR (2013b) &awment and simulation of sensor-
based irrigation control strategies for cotton gdime VARIwise simulation framework.
Submitted to Computers and Electronics in Agriaeltu

92 of 101



McCarthy, AC, Hancock, NH and Raine, SR (2013c)@ation of irrigation control
strategies for cotton using Model Predictive Cointrithin the VARIwise simulation

framework.Submitted to Computers and Electronics in Agrigeltu

McCarthy, AC, Hancock, NH and Raine, SR (2011) Rima¢ data requirements for model-
based adaptive control of irrigation schedulingatton Australian Journal of Multi-
Disciplinary Engineering8(2):189-206. ISSN 1448-8388.

9.3.2 Conference papers
McCarthy, AC and Hancock NH (2013) Development séasing system for automated fruit
load and vegetation estimatidn: Australian Cotton Research Conference, 8-11 Sdpee

Narrabri.

McCarthy, AC, Gillies, MH and Smith, RJ (2013) Re&ate, web-enabled adaptive control
and monitoring of surface and overhead irrigatigstems.in: Digital Research Futures
Conference, 26-28 June, Armidale.

McCarthy, AC, Smith, RJ and Hancock NH (2012a) Rea¢ adaptive control of furrow
irrigation: preliminary results of cotton field ati In: 2012 Irrigation Australia Conference
and Exhibition, 24-29 June, Adelaide.

McCarthy, A and Jensen, T (2012) Precision agucaltechnologies for the Australian nut
industriesIn: ANIC 2012: Australian Nut Industry Research For@h September,

Brisbane.

Raine, SR, Smith, RJ, McCarthy, AC, Gillies, MH dt#dncock, NH (2011) Precision
irrigation — it’s more than just technology: LandWISE Annual Autumn Conference, 11-12
May, Havelock North, New Zealand. (keynote)

9.3.3 Poster

McCarthy, AC, Smith, RJ and Hancock, NH (2013) lempéntation process of ‘VARIwise’
site-specific control strategies on surface andtwaad irrigationin: Australian Cotton Trade
Show, 29-30 May, Moree.
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McCarthy, AC, Smith, RJ and Hancock, NH (2012b) IRmae model predictive control of
surface irrigation for cotton: setup of field triéi: 16" Australian Cotton Conference, 14-16
August, Broadbeach.

McCarthy, AC, Hancock, NH and Raine, SR (2010) “Aige’ simulation of variable-rate
irrigation of cotton via adaptive control: firstsugts.In: 15" Australian Cotton Conference,
10-12 August, Broadbeach.

9.3.4 Planned journal papers
McCarthy, AC, Smith, RJ and Hancock NH (2014) Reak adaptive control using Model
Predictive Control and real-time flow rate adjushmérigation Science

McCarthy, AC, Smith, RJ and Hancock NH (2014) Reak adaptive control of centre pivot

irrigation: results of cotton field triahgricultural Water Management

McCarthy, AC and Hancock NH (2014) Development andluation of plant monitoring
system for estimation of fruit load and vegetatidwurnal of Cotton Science

9.4 INDUSTRY COMMUNICATION

| was awarded the NPSI/IAL Travel Fellowship Aw&@iL0 and visited universities, USDA-
ARS research stations and commercial variableaatgpanies in the US for four weeks
during March 2011. This fellowship has provided wth the opportunity to conduct a study
tour into real-time sensing and control in irrigatithat is relevant and valuable to my CRDC

project.

| prepared a poster for the Precision Agricultuyenosium 2012 in September about the
evaluation of uncertainty of irrigation applicatioaused by wind drift from centre pivots
(attached). This was presented by Professor RothSmi

| was a presenter at a field day for NCEA cottasesgch at my Jondaryan field site with the
CRDC and Cotton Australia (February 2013) and tleeltiMCongress on Conservation in
Agriculture in Gatton (September 2011). | wasespnter in the post-conference Smart-
Farm tour for the Digital Research Futures Confeedn June 2013 at Armidale. This

demonstrated the real-time control and monitoriysjesm in Jondaryan.
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| visited Stahmann Farms at Moree in January 20 Iftscuss possible irrigation
optimisation opportunities. | regularly present ragearch results to visitors to the NCEA,
from ACIAR, South Africa and Brazil, and at NCEAm#tment seminars.

9.5 MEDIA ARTICLES
McCarthy, AC (2013) Adaptive control to improve e irrigation efficiencyThe

Australian Cottongrower Magazin®ecember 2012-January 2013, pp. 24-26.

Noller, M (2012) In-row plant sensor cuts water agd increases crop yielfihe Australian
Cottongrower MagazineJune-July 2012. p. 51.

Smith, RJ and McCarthy, AC (201RJyecision irrigation in the Cotton Industry through
adaptive controlThe Australian Cottongrower Magazinpril-May 2012, pp. 27-28

McCarthy, AC (2011) NPSI/IAL travel fellowship 2018ite-specific irrigation control and
sensing systemsrigation Australia, 26(4). pp. 34-35. ISSN 0818-9447.

McCarthy, AC (2010) The land varies so should atign. Spotlight MagazineSpring 2010.
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Appendix A: Control strategy simulations with iraigon distribution variation

Table A.1: Performance of the iterative learning contrahtggy with irrigation uncertainty of +10%,
+20% and +50% standard deviation (replicates 10téof each uncertainty level); plus the

corresponding result for correct irrigation appiica (Simulation #1)

Total _—
L . Irrigation CwWuI IWUI
Irrigation Yield water :
D incertainty | R€P | (bales/ha) | applied (?Apf/';g' Qaesi - (bales/
(M L/ha) total) imgated )
4 1 10.€+2.2 11.€ 7.6 0.€ 1.4
5 2 10.7+2.4 11.2 7.5 0.€ 1.4
6 3 10.£+ 2.5 11.5 7.€ 0.€ 1.4
7 4 11.2+1.€ 11.¢ 7.€ 0.€ 1.4
8 5 10.£+2.2 10.¢ 7.2 1.C 1.t
9 +10% 6 10.£+ 2.2 11.2 7.4 1.C 1.t
10 7 10.€+ 2. 115 7.6 0.€ 14
11 8 11.2+2.1 11.¢ 7.€ 0.€ 1.4
12 9 10.€+1.€ 11.¢ 7.€ 0.€ 1.4
13 10 10.£+ 2.2 115 7.€ 0.€ 1.4
Nil Average | 10.€+2.z | 11.5+0.Z 7.7+0.2 | 0.9+0.: 1.4+0.:
14 1 11.2+2.F 11.¢ 7.€ 0.€ 1.4
15 2 10.5+1.€ 12.1 8.1 0.€ 1.2
16 3 10.£+2.€ 11.2 7.4 1.C 1.t
17 4 10.4+2.C 11.5 7.€ 0.€ 1.4
18 5 11.2+1.€ 11.¢ 7.€ 0.€ 1.4
19 +20% 6 10.£+2.€ 11.€ 7.6 0.€ 1.2
20 7 10.€+2.2 115 7.€ 0.€ 1.4
21 8 11.1+2.4 11.2 7.4 1.C 1.t
22 9 10.£+2.€ 11.€ 7.6 0.€ 1.4
23 10 10.€+2.2 10.7 7.2 1.C 1.t
Nil Average | 10.7+2.2 | 11.5+0.4 7.7+0.2 | 0.9+0.. 1.4+0.:
24 1 10.1+2.€ 10.¢ 7.c 0.€ 1.4
25 2 10.£+2.€ 12.C 8.C 0.€ 1.2
26 3 10.7+3.2 11.¢ 7.€ 0.€ 1.4
27 4 10.2+3.C 1175 7.€ 0.€ 1.2
28 5 9.€6+2.F 11.2 7.5 0.€ 1.2
29 +50% 6 9.7+ 2.2 11.¢ 7.€ 0.€ 1.2
30 7 10.1+ 2.5 11.€ 7.6 0.€ 1.2
31 8 10.4+2.7 12.C 8.C 0.€ 1.2
32 9 9.C+2.¢€ 11.2 7.4 0.€ 1.2
33 10 9.6+ 2.( 12.1 8.1 0.t 1.z
Nil Average | 10.1+2.€ | 11.6+0.Z 7.7+0.z | 0.8+0.: 1.3+0.:
1 Nil Nil 122+15 11.C 7.8 1.1 1.7
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Table A.2: Performance of the iterative hill climbing cortstrategy with irrigation uncertainty of
+10%, +20% and +50% standard deviation (replicates 10 for each uncertainty level); plus the
corresponding result for correct irrigation appiica (Simulation #2)

o . Total water | Irrigation CWuI IWUI
ID J;';g?:;?:ty Rep (b;:aesl;jha) applied applied (bales/ (bales/
(ML/ha) (ML/ha) MLtotaI) ML irriqated)
34 1 10.£x1.€ 12.7 9.C 0.6 1.2
35 2 10.€x 2.1 12.4 8.7 0.€ 1.2
36 3 10.¢x1.€ 13.1 9.2 0.6 1.1
37 4 10.€x1.€ 12.1 8.t 0.€ 1.2
38 5 10.£x1.7 12.2 8.€ 0.€ 1.2
39 +10% 6 10.1x2.C 12.5 8.¢ 0.6 1.2
40 7 10.7x1.€ 12.¢ 9.1 0.6 1.2
41 8 10.€x1.€ 12.2 8.€ 0.€ 1.2
42 9 10.¢x2.C 12.4 8.7 0.6 1.2
43 10 10.£x1.€ 12.1 8.t 0.€ 1.2
Nil Average | 10.£+1.€ 124+ 0.¢ 88+0.z 0.9+0.. 1.2+0.:
44 1 9.5£2.2 12.4 8.7 0.6 1.1
45 2 9.6+ 2.€ 11.¢ 8.4 0.6 1.1
46 3 10.Cx 2.7 12.7 9.C 0.6 1.1
47 4 9.2+ 2.% 12.¢ 9.C 0.7 1.C
48 5 9.€t2°% 12.1 8.t 0.6 1.2
49 +20% 6 9.7+ 2.1 12.4 8.7 0.6 1.1
50 7 10.1+ 3.1 12.2 8.€ 0.6 1.2
51 8 9.7t 2.€ 12.¢ 9.C 0.6 1.1
52 9 9.2+ 3.C 13.1 9.2 0.7 1.C
53 10 9.6+£2°% 11.¢ 8.4 0.6 1.2
Nil Averag¢ 9.6+ 2.€ 12.£x0.¢ 8.7£0.z 0.8+0.: 1.1+0.:
54 1 8.zt4.: 11.¢ 7.C 0.7 1.C
55 2 9.2+ 34 12.7 8.t 0.7 1.1
56 3 8.4+3.7 13.C 8.€ 0.7 1.C
57 4 8.0x 3¢ 12.5 8.4 0.€ 1.C
58 5 85 % 3.¢ 11.¢ 7.7 0.7 1.1
59 +50% 6 8.6x3.: 12.t 8.4 0.7 1.C
60 7 83x 3. 12.1 8.C 0.7 1.C
61 8 85 % 3.¢ 12.7 8.t 0.7 1.C
62 9 7.€6x£3.C 13.C 8.€ 0.€ 0.€
63 10 8.6x4.] 12.¢ 8.4 0.7 1.C
Nil Averag¢ 8.4+3.7 12.£+0.4 8.5+£0.2 0.7+0.. 1.0+ 0.:
2 Nil Nil 124+16 12.2 8.1 1.C 1.t
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Table A.3: Performance of the model predictive control sggtwith irrigation uncertainty of £10%,
+20% and +50% standard deviation (replicates 10téof each uncertainty level); plus the
corresponding result for correct irrigation appiica (Simulation #3)

Total _—
. Irrigation CwWuI IWUI
Control Yield water :
ID strategy REE (bales/ ha) | applied (E;Apf /Ig IS/tI)I? == Mﬁb.a.les/
(M L/ha) total) imgated )
64 1 125+2/ 9.6 6.5 1.1 1.¢€
65 2 13.2 + 2. 8.€ 5.¢ 1t 2.2
66 3 124 +2/ 9.4 6.2 1.2 2.C
67 4 12.3+ 2. 9.€ 6.4 1.2 1.¢€
68 5 1312/ 8.€ 5.¢ 15 2.2
69 +10% 6 125+ 2. 9.€ 6.4 1.2 2.C
70 7 12.7 + 3. 9.t 6.4 1.2 1.¢€
71 8 12.6 + 2. 8.¢ 6.C 1.4 2.1
72 9 12.7+ 2. 9.t 6.4 1.2 2.C
73 10 129+ 2! 10.1 6.€ 1.2 1.¢€
Nil Average | 12.7 £ 2. 9.5+ 0.¢ 6.3+0.: 1.3+0.: 20+0.:
74 1 125+ 2.¢ 9.€ 6.4 1.2 2.C
75 2 11.9+ 2. 10.1 6.7 1.2 1.6
76 3 12.1 + 2. 9.6 6.5 1.2 1.€
77 4 11.8+3.: 9.7 6.5 1.2 1.6
78 5 12.2 + 3. 10.C 6.7 1.2 1.6
79 +20% 6 12.0+ 3. 8.¢ 5.¢ 1.2 2.C
80 7 12.5+ 2. 9.t 6.2 1.2 2.C
81 8 11.9+ 2. 9.2 6.1 1.2 2.C
82 9 11.8+2.! 9.t 6.2 1.2 1.¢€
83 10 12.1+3.. 9.7 6.5 1.2 1.¢€
Nil Average | 12.1+2.! 9.6 £ 0. 6.4 +0. 1.2+0.: 1.9+0.:
84 1 11.2+ 2. 9.7 6.5 1.2 1.7
85 2 11.7 + 3. 9.t 6.2 1.2 1.¢€
86 3 11.5+ 3. 9.7 6.5 1.2 1.6
87 4 11.1+3.: 9.1 6.1 1.2 1.6
88 5 11.6 +3.! 10.1 6.7 1.1 1.7
89 +50% 6 11.3+3.: 9.€ 6.5 1.2 1.7
90 7 10.9+ 2. 9.2 6.2 1.2 1.6
91 8 11.5+ 3. 9.t 6.2 1.2 1.6
92 9 11.2+3.! 9.6 6.5 1.1 1.7
93 10 11.4 + 3. 10.C 6.7 1.1 1.7
Nil Average | 11.3+3.2 9.7+0. 6.4+0.: 1.2+0.: 1.8+0.:
3 Nil Nil 14.3+0.! 9.2 6.2 1t 2.8
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Table A.4: Performance of the iterative learning contrahtgtgy with light, moderate and strong wind

in random wind directions; plus the correspondiesguit for correct irrigation application (simulatio

#1)
Total _—
. Irrigation CwWul IWUI
Control Yield water :
ID strategy REE (bales/ ha) | applied (E;Apf /Ig I\(/Iblfl == Mﬁb.a.les/
(M L/ha) total) irrigated )
64 1 11.1+2.1 10.¢ 7.2 1.C 1kt
65 2 125+1.€ 9.2 6.2 1.2 2.C
66 3 12.4+1.¢€ 9.2 6.1 1.2 2.C
67 4 12.e+1.€ 9.¢ 6.€ 1.2 1.¢€
68 5 14.1+1.€ 8.¢ 5.¢ 1.€ 2.4
69 Light 6 13.2+2.C 9.7 6.4 1.4 2.1
70 7 11.2+2.1 9.C 6.C 1.2 1.¢€
71 8 12.(+1.¢€ 9.¢ 6.€ 1.2 1.6
72 9 11.¢+1.€ 9.¢ 6.€ 1.2 1.6
73 10 12.1+1.€ 8.€ 5.€ 1.4 2.1
Nil Average | 12.2+09 | 9.£+0.2 6.3+04 13+0.1 2.0+0.:
74 1 12.2+1.€ 10.7 7.1 1.1 1.7
75 2 11.4+1.7 10.1 6.7 1.1 1.7
76 3 12.4+1.¢€ 11.5 7.€ 1.1 1.€
77 4 11.4+2.C 10.¢ 6.C 1.1 1.7
78 5 11.2+2.1 10.¢ 7.2 1.C 1.€
79 | Moderate 6 12.7+2.2 11.5 7.€ 1.1 1.7
80 7 12.2+2.1 9.7 6.4 1.2 1.¢€
81 8 10.2+ 2.2 9.6 6.5 1.C 1.€
82 9 12.4+2.C 11.¢ 7.¢ 1.C 1.€
83 10 10.2+1.€ 9.t 6.2 1.1 1.€
Nil Average | 11.7+09 | 10.6+08 | 7.C+06 11+£0.1 17+£0.1
84 1 6.4+2.1 13.¢ 9.2 0.t 0.7
85 2 7.4+2.C 10.€ 7.C 0.7 1.1
86 3 8.6+2.z 13.¢ 9.2 0.€ 1.C
87 4 7.€x1.¢ 11.2 7.5 0.7 1.C
88 5 5.1+ 1.¢ 10.C 6.€ 0.t 0.€
89 Strong 6 7.7+2.C 11.C 7.8 0.7 1.1
90 7 7.5+2.1 13.1 8.7 0.€ 0.6
91 8 7.6+ 1.7 12.2 8.1 0.€ 1.C
92 9 5.6+ 1.k 13.€ 9.C 0.4 0.€
93 10 7.c+1.¢ 10.7 7.1 0.7 1.1
Nil Average | 7.2+1.1 | 120+14 | 79+09 06+0.1 09+01
1 Nil Nil 122+15 11.C 7.8 1.1 1.7
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Table A.5: Performance of the iterative hill climbing cortstrategy with light, moderate and strong
wind in random wind directions; plus the correspogdesult for correct irrigation application

(simulation #2)

| vield VTVEEZL Irrigation | CWUI WU

ID Wind Rep ) applied (bales/ (bales/

(bales/ ha) applied (ML/ha) ML ML iigatea)

(M L/h a) total) imgated
4 1 12.€x2.1 12.¢ 8.t 1.C 1.t
5 2 12.2x2.C 12.c 8.2 1.C 1.t
6 3 12.1x2.C 11.c 7.5 1.1 1.€
7 4 11.7x1.€ 13.C 8.€ 0.€ 14
8 5 11.:x2.2 13.c 8.¢ 0.6 1.2
9 Light 6 12.€x1.€ 11.t 7.€ 1.1 1.7
10 7 12.£x2.¢ 12.4 8.2 1.C 1.€
11 8 12.(x2.2 12.C 8.C 1.C 1.t
12 9 12.¢x1.€ 11.¢ 7.6 1.1 1.€
13 10 12.7x1.€ 12.1 8.C 1.C 1.€

Nil Averag¢ 12.3x 0.t 12.3£0.€ 8.1£04 1.0+£0.1 1.5+ 0.1
14 1 11.£+1.€ 11.¢ 7.7 1.C 1.t
15 2 10.ex1.€ 12.2 8.1 0.€ 1.2
16 3 11.7x2.¢ 11.¢ 7.C 1.C 1.t
17 4 10.€+2.2 12.1 8.C 0.€ 1.4
18 5 11.1x1.€ 11.¢ 7.6 0.€ 1.4
19 Moderate 6 11.2£2.¢ 10.€ 7.C 1.1 1.€
20 7 11.£+2.1 12.c 8.2 0.€ 14
21 8 10.£x2.1 11.¢ 7.C 0.€ 1.2
22 9 11.¢x2.C 11.¢ 7.6 1.C 1.t
23 10 11.€x1.€ 12.4 8.2 0.€ 14

Nil Averag¢ 11.3+£ 0.5 11.9£ 0.5 7.9+£0.2 1.0+£0.1 1.4+ 0.1
24 1 6.6£2.2 9.¢ 6.€ 0.7 1.C
25 2 84125 11.2 7.4 0.6 1.1
26 3 10.1x2.¢ 13.¢ 9.2 0.7 1.1
27 4 9.c+£1.¢ 12.C 8.C 0.6 1.2
28 5 8Ct1.¢ 13.7 9.1 0.€ 0.€
29 Strong 6 9.5+£2.C 12.1 8.C 0.6 1.2
30 7 7.5£2.1 11.¢ 7.C 0.€ 0.€
31 8 8.1+£2.2 10.¢ 7.2 0.7 1.1
32 9 8Lt2: 13.t 9.C 0.€ 0.€
33 10 6.€£2.2 10.C 6.€ 0.7 1.C

Nil Averag¢ 8.6x1.C 12.3x1.¢ 8.0£0.& 0.7£0.1 1.1+£01
2 Nil Nil 124+16 12.2 8.1 1.C 1.t
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Table A.6: Performance of the model predictive control sggtwith light, moderate and strong wind
in random wind directions; plus the correspondiesguit for correct irrigation application (simulatio

#3)
| vield VT&ZL Irrigation | CWUI WU
ID Wind Rep ) applied (bales/ (bales/
(bales/ ha) applied (ML/ha) ML ML iigatea)
(M L/h a) total) irrigated
4 1 124+ 1.€ 8.€ 5.7 14 2.2
5 2 11.¢x1.€ 9.¢ 6.€ 1.2 1.6
6 3 12.2x1.7 10.1 6.7 1.2 1.6
7 4 12.1x2.1 10.7 7.1 1.1 1.7
8 5 12.:x1.€ 9.7 6.t 1.2 1.¢
9 Light 6 12.2x1.7 8.€ 5.7 14 2.1
10 7 11.6x1.7 9.1 6.1 1.2 1.¢
11 8 12.(x1.€ 9.C 6.C 1.2 2.C
12 9 12.2x2.1 9.6 6.t 1.2 1.¢
13 10 124+ 1.€ 8.7 5.6 14 2.1
Nil Averag¢ 12.2+0.2 9.4+ 0.7 6.3+ 0.5 1.3+ 0.1 1.9+ 0.2
14 1 11.¢+1.€ 10.z 6.6 1.2 1.6
15 2 11.2x2.C 10.¢ 7.2 1.C 1.€
16 3 9.5+£2.1 10.4 6.€ 0.€ 1.4
17 4 10.€x 1. 9.¢ 6.2 1.1 1.7
18 5 9.6+ 1.t 9.6 6.t 1.C 1.t
19 Moderate 6 10.1x2.2 10.C 6.7 1.C 1.t
20 7 11.1£23 10.t 7.C 1.1 1.€
21 8 11.€x1.€ 9.t 6.3 1.2 1.¢
22 9 11.¢+1.7 9.4 6.8 1.2 1.¢
23 10 11.1x1.€ 9.4 6.8 1.2 1.6
Nil Averag¢ 10.9x0.€ 9.9+ 0.5 6.6+ 0.4 1.1+ 0.1 1.7+ 0.2
24 1 6.4£2.2 9.7 6.t 0.7 1.C
25 2 7.5£2.C 11.C 7.G 0.7 1.C
26 3 8.6+£21 10.¢ 7.2 0.6 1.2
27 4 8.€x£2.7 9.€ 6.4 0.€ 1.2
28 5 6.5+ 2.5 9.1 6.1 0.7 1.C
29 Strong 6 10.Cx2.€ 11.7 7.6 0.€ 1.2
30 7 6.1£2.2 11.1 7.4 0.t 0.6
31 8 8.5+£2.C 11.C 7.2 0.6 1.1
32 9 9.€c+£2°% 9.2 6.1 1.1 1.€
33 10 9.C£21 9.¢ 6.2 1.C 1.t
Nil Averag¢ 8.3+14 10.3x1.C 6.9+ 0.7 0.8£0.z 1.2+ 0.2
3 Nil Nil 14.3+£0.! 9.8 6.2 1.t 2.8
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